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I, Stat.nsent of Work

We propose to continue basic resc rch on optogalvanic effects.  The
primary goals of the research are t¢ ¢ :velop a detailed quantitative
understanding of the cathode fall region in cold cathode discharges, and to
develop detailed quantitative understanding of perturbations in the cathode
fall region. The major experimental challenges to be addressed in this
research are: (1) to develop and apply lase~ diagnostics for measuring the
importance of each mechanism responsible for electron emission fram a cnid
cathode and (2) to develop and apply laser diagnostics for the newative glow
region of cold cathode discharges. The mechanisms responsiple fur electron
emission from a cold cathode are ion, metastable atom, and UV photon
bombardment. The fraction of the electron emission produced by euch mechanisn
and its dependence on discharge conditions will be studied. The key properties
of the negative glow to be measured are the density and temperature of the low
energy electron gas in the region. The dependence of the alectron density and

temperature on discharge conditions will be studied. The major theor=tical

i

challenges to be addressed in this research are: (1) the development of a
nonequilibrium fluid model for the cathode fall-negative glow region, and

(2) the modeling of perturbations at the <=7 ode surface and in the cathode
fall region using the nonequilibrium fluid wmodel. Basic research on the
cathode fall region of diffuse discharges will benefit many areas of pulsed
power engineering. One practical goal of this researcihh i3 to identify and
study Key physlcal processes in the cathode fall region which car be used in a

laser controlled diffuse discharge switch.
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II. Progress on Experimental Problems

The cathode region of diffuse discrarges is the least understood and yet
most important region for many discharg: applications. The primary difficulty
in modeling the cathode fall is due tc the large and rapidly changing E/N
(electric field divided by ground state atom density). Cno result of tnis E/N
behavic» is failure of the electron energy distributizon function to T in
hydrodynamic equilibrium with the local g/N.Y 1t is not satisfactory to use

electron drift velocities, first Townsend coefficients, and excitation
coefficients wnich are determinea as a functicn of E/N in equilibeolme o
describe the behavior of the electrons if they are aot in hydrodyuasnis
equilibrium with the local E/N. A more guantitative understanding of rre
cathiode fall is important to the development of laser controlled and eiectron
beam contrilied opening switches. The cathode fall region is ais¢ ilnportant
because it determines the stability of many gas phase pulsed power devices.

Sptougalvanic effects are amplified in the cathode fall, hence a laser
s

ccrtrolled opening switeh will tikely depend on perturving the cathode fall

Optogalvanic diagnostic methods and laser induced fluorescenc: are the
experimental tocls needed to develop a more quantitative understanding of the
cathode fall. We developed, shortly before the beginning of Grant
AFOSR-84-0328, a powerful new diagnostic for mapping space charge fi=lds in
discharge plasmas.3’u This diagnostic is based on ophtogalvanic detection of
Rydberg atoms. We used this diagnostic and others during subseguent y=Aars of
research under AFO3R 84-0328 to develop a more quantitative understanding of

"+ Lathode region.
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One of the uses of the electric field diagnostic is to measure the current
balance or ratio of ion to electron current at the surface of a cold oathode.5
A reprint describing this work is included as Appendix A. We needed, besides
very accurate field measurements, a mc 3urement of the gas denslity reduction
due to heating6 and a realistic model ~f ion transport in the ocathoge fall.v
Tne issue of ion transport in the cath «de fall was settled using analyvic

Green's function solutions to the Bolt.mann equation for ions. The sclutions
were used to calculate the equilibration distances for ions. These sciutions

include: (1) symmetric charge exchange in the cold gas npproximatiocn, () a

distributed ion source term from electron impact ionization, and (3) ithne

.

9]

At

effects due to a large field gradient. We define the equilibratiocn distance
be the distance, from the cathode fall-negative glow bounaary, requirei faor the
average velocity of the ions to each 90% of their equilibrium 4rift veslocity.
The equilibration distance is 1.7 mean-free-paths for a planar source of
ionization near the cathode fall-negative glow boundary where the ~lectric
field extrapolates ro zero. The equilibration distance is ¢ mean-iree-patng
for a uniform source of ionization. These two limiting cases bracket 3
realistic case in which ionization peaxs near the boundary. The limiting cases
provide a rigorous proof that ions are equilibrated when more 6 mean-free-paths
from the cathode fall-negative glow boundary. A reprint of Lhis paper is
included as Appendix B.

The highly ac-urate electric field maps, gas density measurements, and
model of ion transport were combined in determining the current balance at the
surface of a cold aluminum cathode. We found that the ratio of ion to electron
current is 3.3 at the cathode surface. This ratio is independent of total
dischdarge ~urrent from a near normal cathode fall of 173V to a highly abnormal

cathode fall of 600V as reported in Appendix A,
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We published in September 1988 a m.jor Physical Revicw A article entitlec

"Laser Optogalvanic and Fluorescence Stidies of the Cathode Region of a Glow

8

Discharge". A reprint of this paper 13 iacluded as Appendix C. This paper is
a summary of four years of our work on the cathode region; it provides a
detailed microscopic description of most of the important features of the
cathode region. This paper used a fresh zpproach for addresding ocne of the wey
issues of the cathode region. The relativa size of the ion current versus
discharge current at the cathode fall-negative glow boundary has been

-

12 o ; \
Fheory nas not rescived the 13302,

controversial for more than 50 years.g—
It is very difficult to carry fully self-consistent non-equilibrium
calculations across the cathode fall-negative glow boundary. This boundary 1z
analogous to a shock front. Knowledge of the size of the ion current at th:
cathode fall-negative glow boundary provides an essential bounaary condition
for constructing a realistic self-consistent model of the cathode fall region.

Our research indicated that ions carry a negligible fraction of the
discharge current at the cathode fall-negative glow boundary. We came to this
conclusion by comparing an empirical current balance, or ratio of ion to
electron current, at the cathode surface to state-of-the-art Monte Carlo
Ssimuialions of electron avalanches in the cathode fall. We found thal thnere 13
enough ionization in the cathode fall to account for all of the icons reaching
the cathode. The Monte Carlo simulations were performed using the nulil-
collision metnod developed by Boeuf and Mor'ode.13

This major paper also includes our first result on the density and
temperature of the low energy electrons in the negative glow. The devalopment
of electron diagnostics for use in the negative glow is identified as a task in
the attached "Statement of Work". We used laser induced fluorescence to

produce maps of the relative density of singlet and triplet He metastables.
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Our maps cover the high field cathode fall region and low field negative glow
region. Low energy electrons are confined to the low field negative glow
region. A high density of low energy electrons produces a collisional coupling
of the singlet and triplet He metastable populations. Singlet and triplet He
metastable populations are not coupled by neutral atom collisions because of a
spin selection rule. The observation of a severe suppression of the singlet
metastable population in the negative glow provides direct spectroscopic
information on the low energy electron gas in the neéative glow. The
suppression enables us to put limits on the electron temperature (0.025 eV z

1

kBTe < 0.25 eV) and density (ng 2 2x101 cm-3) in the negative glow. The

experimental observations actually provide a constraint on the electron
temperature and density in the negative glow. A unique temperature and density
was determined by combining the constraint with information from Monte Carlo
simulations.

We recognized that it is desirable to determine the electron density and
temperature Wwithout using the results of Monte Carlo simulations. More
recently we developed a second laser diagnostic which complements the
experimental work described in the preceeding paragraph. T1his diagnostic is
reported in the reprint (Appendix D) entitled "Electron Temperature and Density
Diagnostics in'a Helium Glow Discharge", which was published in Physical Review

Letters.1u

The diagnostic is based on collisional excitation transfer between
low Rydberg levels. A measurement of the collisional transfer rate provides a
second relation between the density and temperature of the low energy electrons
in the negative glow. This Rydberg atom diagnostic is based on an endothermic
process, and yields a relation in which ng decreases with increasing Te- The

diagnostic described {n the preceeding paragraph is based on the exothermic

reaction which depletes the singlet metastables. It yields a relation in which
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N, increases with increasing T,- Tne intersection of these two relations
provides the density and temperaturc of the low energy electrons in the
negative glow. These two laser diagnostics provide critical information on the

negative glow region of cold cathode discharges. This was one of our major

experimental challenges in the original Statement of Work.
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I1I. Progress on Theoretical Problems

The primary theoretical problem to be addressed in this research is the
development of self-consistent nonequilibrium models for the cathode fall and
negative glow regions. We published a paper entitled "A Framework for Modelinrg
the Cathode Fall Illustrated with a Single Beam Model" during August 1988 in
the Journal of Applied Physics.15 This paper presents the appropriate
mathematical structure for modeling the cathode region. The single beam
approximation used for the electron distribution function is the simplest
possible approximation. It produces good qualitative anareement in general, and
produces good quantitative agreement for the near normal cathode fall.

We continued theoretical research on modeling the cathode region of glow
discharges. Originally we planned to pursue fully self-consistent models bas-
on what we have called a nonequilibrium fluid approach. In these calculaticns
a model distribution function with spatially dependent parameters is
substituted into the Boltzmann equation for electrons. Integral moments of the
Boltzmann equation provide a set of coupled ordinary differential equaticns
which are then solved to determine the spatial dependence of the parameters in
the model distribution function. The single beam model is a primitive version
of such a calculation., We initially suspected that kinetic theory approaches
were likely to be too slow or too numerically intensive for self-consistent
calculations. Our collaborator, Professor W. N. G. Hitchon, convinced us to
pursue a full kinetic theory approach based on his "Convective Scheme". This
approach has important advantages over other kinetic theory approaches. It is
inherently stable because it is an integral rather than differential
calculation. The Convective Scheme has a speed advantage because it is not
limited by the Courant-Friedrichs-Lewy criterion. This criterion limits step

size in the finite difference methods for solving differential equations. The
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Convective Scheme is analogous to a Green's function method for solving
differential equations.

The Convective Scheme has an enormous speed advantage over Monte Carlo
methods, but it retains some of the attractive features of the Monte Carlo
methods. Both the Convective Scheme and Monte Carlo methods are relatively
intuitive and easy to code. A great deal of detail on collision processes
(such as an anisotropic angular distribution) can be included in both types of
calculations. The Convective Scheme can be described as a Monte Carlo
calculation in which "clumps" o particles, rather than individual particles,
are tracxed. Much better stetistics are achieved by dealing with large numbers
of particles.

The speed of the Convective Scheme is adequate for fully self-consistent
calculations. We applied the Convective Scheme in a self-consistent kinetic
model of the cathode fall region.16 A reprint of this work is included as
Appendix E.

Our ultimate geoal is to apply Convective Scheme models to transient
discharges. During the last months of AFOSR 84-0328, we did succeed in using
the Convective Scheme to produce a fully self-consistent kinetic calculation of
a sinusoidal steady-state radio frequency discharge plasma.17 This work is an
intermediate step between dc and transient discharge. This model is probably
the first self-consistent, electrode-to-electrode kinetic model of a discharge

plasma. A reprint of this work is included as Appendix F.
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Current Balance at the Surface of a Cold Cathode

D. A. Doughty, E. A. Den Hartog, and J. E. Lawler

Department of Physics, University of Wisconsin, Madison, Wisconsin 53706
(Received 9 February 1987)

Recent experimental and theoretical developments, including an electric field diagnostic based on op-
togalvanic detection of Rydberg atoms, an analytic treatment of ion transport in the cathode fall, and a
null collision Monte Carlo technique, are combined to determine the current balance at the surface of a
cold cathode in @ He glow discharge. The ratio of the ion current to electron current is measured and
calculated over a range of current densities from a near-normal to a highly abnormal giow discharge.

PACS numbers: 32.80.Hc, S1.10.+y, 52.20.Fs, 52.20.Hv

New experimental diagnostics and recent theoretical
developments are leading to a more quantitative under-
standing of the cathode-fall region of the glow discharge.
The development of detailed quantitative models has
been hampered by the nonequilibrium nature of the
cathode-fall region. The proximity of the boundary and
the large spatial variation of the electric field give rise to
an electron distribution function that is not in hydro-
dynamic equilibrium with the local electric field to gas
density ratio (E/N). Therefore, the large data base of
electron transport parameters is not directly applicable
when modeling the cathode fall. Although the cathode-
fall region is the least understood part of a typical
discharge, this region is very important from a practical
and a fundamental viewpoint.

We measure the current balance at the cathode sur-
face by utilizing an electric field diagnostic and a
Boltzmann-equation analysis of ion transport. Spatially
resolved electric fields can be measured with either
laser-induced fluorescence! or optogalvanic detection of
Rydberg atoms.?* The latter technique is the most suit-
able for the discharge studied in this work. The spatial
gradient of the electric field determines the space-charge
density by Poisson’s equation. This space-charge density
is almost entirely due to ions since the electron density is
negligible in the high electric fields of the cathode-fall
region. The ion current density is simply the product of
the ion charge density and the average ion velocity.

Analytic nonequilibrium solutions to the Boltzmann
equation for ions were used to calculate the equilibration
distance of ions in the cathode fall.* The calculations in-
cluded the symmetric-charge-exchange term, a nonuni-
form field, and a distributed-ion-source term. The aver-
age ion velocity is the equilibrium drift velocity for ions
more than six mean free paths from the cathode-
fall-negative-glow boundary.® The cathode fall has a
thickness of sixty mean free paths for symmetric charge
exchange; thus the equilibrium drift velocity can be used
to calculate the ion current density. The difference be-
tween the measured total current density and this ion
current density is the electron current density. The ratio
of the ion-to-electron current at the cathode surface can

be directly compared to a suitable calculation. We use a
Monte Carlo code based on a null collision technique 10
simulate electron avalanches in the cathode fall.>>” The
average number of ions produced per electron emitted
from the cathode in these simulations compares favor-
ably to the empirical ion-to-electron-current ratio.

This “electric field” approach is used to determine the
current balance at a cold Al cathode in a 3.5-Torr He
discharge over a range of discharge current densities
from 0.190 to 1.50 mA/cm?2. The current-density range
extends from a near-normal cathode-fall voltage of 173
V to a highly abnormal cathode-fall voltage of 600 V.
We find that the ratio of ion current to electron current
at the cathode is approximately 3.3 over the entire range.

The discharge is produced between flat circular Al
electrodes 3.2 cm in diameter and separated by 0.62 cm.
The discharge tube is made primarily of glass and stain-
less steel. Most of the large seals are made with knife-
edge flanges on Cu gaskets. The only exceptions are the
high-vacuum epoxy seals around the fused silica Brew-
ster windows. A liquid-N; trapped diffusion pump eva-
cuates the tube to 2% 10 ™% Torr. When no liquid N, is
in the trap an ion pump maintains the vacuum to prevent
oil from backdiffusing into the system. The leak rate
into the discharge tube is approximately 3x 10 ~* Torr/d.
For discharge operations ultrahigh-purity (0.99999) He
is slowly flowed through the system. A capacitive
manometer monitors the pressure, which is maintained
at 3.5 Torr. The He first passes through a cataphoresis
discharge to remove any residual contaminants before
entering the main discharge tube. Emission spectra re-
veal only very weak Al and H impurity lines. In order to
perform spatially resolved measurements without dis-
turbing laser alignment the discharge is mounted on a
precision translation stage. Optogalvanic effects are
detected as a change in discharge current with a boxcar
averager. The appropriate laser radiation is produced
with a Nj-laser-pumped dye-laser system which has a
bandwidth of 0.4 cm ~'. For electric field measurements
the dye laser is frequency doubled. The second harmonic
is polarized normal to the surface of the electrodes and is
focused with a cylindrical lens to a strip 0.01 cm wide

2668 © 1987 The American Physical Society
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FIG. I. Electric field as a function of distance from the cathode for the five currents studied. The anode corresponds to the

right-hand side of the figure.

and | cm long parallel to the electrode surface. Sche-
matics of the apparatus are presented in previous publi-
cations. >3

The electric field in the cathode-fall region is mapped
by the observing of atomic transitions from heavily popu-
lated metastable levels to Rydberg levels. Optogalvanic
detection is essential because the fragile Rydberg atoms
are collisionally ionized in the discharge long before they
can fluoresce. These transitions exhibit a dramatic linear
Stark effect because of the large size of Rydberg atoms
and because of the small energy gap between states of
opposite parity. To interpret Stark spectra a nxn (n is
the principal quantum number) Hamiltonian matrix is
diagonalized yielding cigenvalues which are the per-
turbed energies of the states in the Stark manifold.® The
eigenvectors can be related to the intensities of the vari-
ous components in the Stark manifold. Stark spectra are
obtained by scanning the frequency of the laser in a fixed
spatial position. The width of the Stark manifold, the
separation of individual components, or the relative in-
tensities of the components can each be used to deter-
mine the field. The 2'S to 11'P transition in He at 321
nm is well suited for measuring fields found in low-
pressure discharges. The width of the Stark manifold in-
creases as n2; thus the optimum n is determined by the

magnitude of the fields being studied.

The electric field measurements are summarized in
Fig. 1 and Table I for the five discharge current densi-
ties, Jp. Figure I is a plot of electric field as a function
of distance away from the cathode. The solid lines are
linear fits to the data. This linear behavior persists to
very small fields.® Table I lists the electric fields at the
cathode, E°, and the zero-field positions, d,, which are
determined by linearly extrapolating the data. The
boundary between the cathode-fall and negative-glow re-
gions is confirmed by a change in magnitude and tem-
poral characteristics of optogalvanic effects at a distance
d. from the surface of the cathode. The excellent agree-
ment between V.., a voltage determined by integrating
the field data, and ¥y, a voltage measured with a digital
voltmeter, indicates that the field measurements are on
the average accurate to 1%.

The discharge electrodes are water cooled in order to
minimize gas heating in the cathode fall. This cooling
does not completely eliminate a temperature increase
and subsequent density reduction in the abnormal glow.
Symmetric charge exchange between positive ions and
neutrals converts over half of the input power to heavy-
particle translational motion in the cathode fall. The re-
sulting temperature increase is measured from the

TABLE . Experimentally determined parameters.

Jo E° d. Vim Vet N p+ Ul Je
(mA/cm?) (V/em) (cm) V) v) (10'*em %) (10°'°C/cm?) (10° cm/s) (mA/cm?)
1.50 3017 0.396 600 597 8.01 6.74 16.5 1.11
1.18 2395 0.300 356 359 G.48 7.07 13.2 0.933
0.846 1870 0.282 261 264 10.3 5.88 10.9 0.641
0.519 1426 0.301 211 218 10.8 4.20 9.28 0.390
0.190 897 0.382 173 171 1.2 2.08 7.12 0.148
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Doppler width of the 2'S to 3'P transition in He at
501.6 nm. An étalon reduces the dye-laser bandwidth to
300 MHz for the Doppler-width measurements which
are made by optogalvanic detection. The 501.6-nm tran-
sition has a natural width of 92 MHz.'® Pressure
broadening at 3.5 Torr contributes another 146 MHz.!"
Stark broadening adds at most a few hundred
megahertz. These contributions are all much smaller
than the Doppler width of 3.66 GHz at room tempera-
ture. The column labeled /V in Table I is the resulting
gas-density measurements. The uncertainty ranges from
* 3% at low currents to * 6% at the high currents. The
gas density is constant throughout the cathode-fall re-
gion to within the 3%-6% uncertainty of the measure-
ments.

The ion current density at the surface of the cathode is
the product of the ion density, p4+, and the ion drift ve-
locity at the cathode surface, U%. Poisson’s equation
combined with the electric field data gives the ion densi-
ty. The uncertainty in p+ is comparable to the uncer-
tainty in the field measurements. To determine the drift
velocity at low currents Helm's precise mobility data are
used.'? At the high currents the drift velocity is calcu-
lated with use of the equilibrium expression,

U =(2eE°/MnraN)'?, (1)

where e is the ion charge and M the ion mass. The
symmetric-charge-exchange cross section, o, is taken
from the calculations of Sinha, Lin, and Bardsley.'’
These calcuiations agree with Helm’s experimentally de-
rived cross sections. The uncertainty in U$ is +4% in
all cases. The ion current density at the cathode surface,
J%. is listed in the last column of Table I.

A Monte Carlo code is used to study electron
avalanches in the cathode-fall region. Empirical fields
and gas densities from Table I are used in the simula-
tions. The position and momentum of individual elec-
trons are followed in a Monte Carlo simulation. The
code is based on an adaptation of the null collision tech-
nique for nonuniform fields.>~” In this approach a null
collision cross section is chosen in order to avoid any nu-
merical integration of collision probabilities along an
electron’s trajectory. The distance between collisions is
determined by a random number, and the type of col-
lision is determined by a second random number. If a
null collision occurs, the electrons motion is unaffected.
We use a code which includes anisotropic elastic scatter-
ing, excitation to 24 levels, direct ionization, and other
less important processes. We choose the same set of
elastic and inelastic cross sections used by Boeuf and
Marode.”'*!> The Monte Carlo code with these cross
sections is tested with use of a uniform E/N of 100 Td
[1 Td (townsend) =10 ~'" V cm?]. Tne simulation gives
an equilibrium townsend coefficient that agrees with ex-
periment. Figure 2 is a histogram of the ionization
events per emitted electron as a function of distance
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FIG. 2. Typical Monte Carlo histogram giving the total

number of ionization events per electron released from the
cathode as a function of distance from the cathode. Only those
events between 0 and d. are counted when evaluating the aver-
age size of an avalanche.

from the cathode. This ionization peaks at the boundary
between the cathode fall and the negative glow indicated
by d.. The nonequilibrium behavior of the electrons is
evident from the large amount of ionization beyond d..
If all the electrons in the negative glow were in equilibri-
um, they would produce very little ionization because the
local field is small.

Although we have not been able to map the negative-
glow field, we have evidence for a high density of low-
energy electrons which indicates a very small (<10
V/cm) field. We measure, using laser-induced fluores-
cence, a significant suppression of the 2'S versus 23§
metastable density in the negative-glow region. OQur
Monte Carlo simulations indicate only slight differences
in the spatial dependence of the 2'S and 23S production.
The suppression is due to the reaction

He(2'S)+e " +He(23S)+e ~+0.79¢V. 2)

These observations indicate an electron temperature
much less than 0.8 eV. otherwise the reaction would
readily proceed in the opposite direction. Furthermore,
an electron density of from 10'2 to 10'3 cm ™3 in the
negative glow can be inferred from these observations,
because the rate of reaction (2) must overwhelm 2'S
metastable diffusion.'s"?

Only ionization produced in the region to the left of d,
contributes to the ion current in the cathode fall. If the
ions from the negative glow contributed to the cathode-
fall current in a significant way then there must be a
large ion current towards the cathode at d.. Equation
(1) indicates, however, a relatively small ion velocity be-
cause of the weak fields near the cathode-fall-negative-
glow boundary. In fact Eq. (1) overestimates the aver-
age ion velocity near the negative glow.* Since the




VOLUME 58, NUMBER 25

PHYSICAL REVIEW LETTERS

22 JUNE 1987

5k .
%'0’ 4 —
|
= 3F -
e
o+ 2L 7
N

1+ 4

0 A L 1 L L i

0 0.5 1.0 1.5
Jp (mA/cm?)

FIG. 3. Ratio of ion to electron current at the cathode,
J%/Up—J%), as a function of total discharge current density.
The experimentally determined values are shown as solid points
with a typical uncertainty of * 20%. The Monte Carlo results
are presented as open circles connected by a line.

charge densities for ions and clectrons are nearly
equivalent in the negative glow, electrons are carrying
the bulk of the current in this region. lons produced to
the right of d. are lost through recombination and
diffusion out of the discharge region.

The empirical ratio of J$ to the electron current den-
sity at the cathode, Jp —J/ %, is compared in Fig. 3 to the
average number of icns produced in the cathode fall per
emitted electron as calculated by use of the Monte Carlo
simulation. The ratio is only weakly dependent on
cathode-fall voltage due to the gas-density reduction
from heating. The Monte Carlo simulations are strongly
dependent on gas density. A 6% change in the gas densi-
ty at high currents (the uncertainty) propagates in the
simulation to a 20% change in the average avalanche size
as that presented in Fig. 3. The imperfect agreement be-
tween theory and experiment at high discharge currents
is due to the sensitivity of the Monte Carlo simulations
to uncertainties in gas density and electron-impact cross
sections (*25%). The good agreement at lower
currents gives us confidence that we have determined this
critical parameter.

The determination of the current balance at the
cathode surface is a significant step toward a detailed
quantitative model of the cathode-fall region. Yet to be
understood is the relative importance of electron emis-

sion from the cathode due to ion, metastable, and uv
photon bombardment. Ultimately, a direct Boltzmann
equation or nonequilibrium fluid model should be cou-
pled with Poisson’s equation to predict both the
cathode-fall voltage and the spatial dependence of the
field. Such an approach should also be able to predict
the existence and properties of the negative glow.
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Equilibration distance of ions in the cathode fall
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The motion of atomic ions in a rare-gas cathode fall is limited by symmetric charge exchange.
Nonequilibrium solutions of the Boltzmann equation for this problem are presented. The distance
required for the average ion velocity to approach within 109 of the equilibrium drift velocity is cal-
culated for constant and for linearly increasing fields, with a plane ionization source and with a uni-
form source. The equilibration distances range from two-thirds to six mean free paths. A rare-gas
cathode fall is typically 50— 100 mean free paths thick; hence the ion motion may be accurately
described by the equilibrium drift velocity throughout most of the cathode fall.

The cathode fall region of glow discharges is the least
understoed region and yet the most important region for
many discharge applications. The primary difficulty in
modeling the cathode fzll is the failure of the electron dis-
tribution function to be in hydrodynamic equilibrium
with the local E/N (electric field to gas density ratio).
The lack of hydrodynamic equilibrium is caused by the
large and rapidly changing E /N and by the proximity of
the boundary. New theoretical approaches and recently
developed optogalvanic diagnostics should soon lead to a
more quantitative understanding of the cathode fall.!~?
Accurate spatially resolved electric field and gas density
(temperature) measurements are used to map the cathode
fall region of rare-gas discharges.”® The space-charge
density, which is dominated by the positive-ion density, is
determined from the spatial derivative of the electric field.
The ions are assumed to be in hydrodynamic equilibrium
with local E /N, and thus the drift velocity of the ions is
determined from known ion mobilities and the local E /N.
The product of the ion density and the ion drift velocity
determines the ion-current density. The difference be-
tween the total discharge-current density and the ion-
current density is the electron-current density. The spatial
derivative of the electron-current density provides a map
of the ionization rate in the cathode fall. This simple
analysis is dependent on the assumptions: (1) that singly
charged atomic ions are the dominant species and (2) that
the tons are in hydrodynamic equilibrium. The first as-
sumption must be experimentally verified, but it is very
likely correct for low pressures ( ~1.0 Torr). Rare-gas
molecular ions are likely to be dominant only at rather
high pressures ( > 100 Torr). The distance required for
the average velocity of atomic ions to approach within
10% of the equilibrium drift velocity is derived for four
idealized cases in the following paragraphs. The equili-
bration distance for the ion velocity is two-thirds of a
mean free pati for a constant field with a plane ionization
source, 4.5 mean free paths for a ~onstant field with a uni-
form source, 1.7 mean free paths for a linearly increasing
field with a plane source, and 5.7 mean free paths for a
linearly increasing field with a uniform source. The latter
two cases provide a lower and upper bound for the frac-
tion of the cathode fall where the ion velocity is less than
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the equilibrium drift velocity. A normal rare-gas cathode
fall has a thickness of approximately 50 to 100 mean free
paths for symmetric charge exchange. The average ion
velocity can be approximated as the equilibrium drift
velocity throughout most all of the cathode fall.

The electric field in the normal and abnormal cathode
fall 1s very definitely a function of position, but for the
purpose of this initial discussion it will be assumed that
the field is constant and is in the z direction. The mobili-
ty at high £ /N of atomic ions in their parent gas is large-
ly determined by symmetric charge exchange. Little
momentum is transferred in these charge-exchange col-
lisions. The symmetric charge-exchange-collision cross
section is only weakly energy dependent. Wannier
presented an elegant expression for the collision term of
the Boltzmann equation in the approximation that (1) no
momentum is transferred in the charge-exchange collision
and (2) the cross section is independent of energy.® The
Boltzmann equation including this collision term is

of (eE of .
ot T M, VY

=—Novf +Nad(v) [ [ [ fvdv,dv.dv, +P(2)8(v),
(M

where e is the electric charge, M is the ion mass, o is the
charge-exchange cross section, and other symbols have
their usual meanings. The last term which involves P(g)
is a source term which represents the production of “new”
ions via electron impact ionization. Consider, as case 1, a
plane source at the origin. The source function P(z) is
therefore j&(z) where j is a constant. The time-
independent nonequilibrium solution in which the ions
start from rest at z =0 is

S1=78(v,)8(v, Y exp( —aNz)s (v,)8(v] /2 —az)
+(aN /a)(s(v,)—s (v, — V' 2az }]
xexp[ —viNo /(2a)li , (2)
where a is the ion acceleration e¢E /M, and s(v,) is the

step function of v,. This solution for large z approaches
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Wannier's equilibrium solution.* The distribution func-

tion given in Eq. (2) is not normalized in the usual sense
because it is a nonequilibrium distribution. The integral

ff ffl"dl’zdvxduy

is the particle flux density jZ, which must be independent
of position by conservation of particles. The integral

[ [ [ ridvdvae,

is the particle density which is dependent on position be-
cause the ions are accelerating. The average velocity of
the ions in the z direction is

ffff]bzdv du.dv,
[ [ [ fidvdveay,
1

expl —oNz)/V'2az +VwaN /Qalerf(VoNz)

(r,

where erf(x) is the error furﬁt_ion.S The average velocity
has the small-z limit of v'2az which is expected from
kinematics, and it has the large-z limit of V2a /{oNw), in
agreement with Wannier's equilibrium drift velocity. The

J

F4
[ =btw,)8y,) f P(zy)[exp[ —

+{oN /a){s{v,)—s[v, —

1 —
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average velocity reaches 90% of the equilibrium drift
velocity in a distance 0.65 /(g N}, or about two-thirds of a
mean free path. Higher moments of the distribution func-
tion also approach their equilibrium values in short dis-
tances, but not as quickly as the average velocity.

The distribution function of Eq. (2) has been presented
by several authors in discussion of ions in the cathode
fall.®=® The distribution function has previously been
misidentified as an energy distribution function; probably
because | fMuv,dv, is position independent. The distri-
bution function of Eq. {2) is here identified as a sclution
to the Boltzmann equation and, thus, is a velocity distri-
bution function. An integral expression which can be
used to derive a velocity distribution function for an arbi-
trary position-dependent field with a plane ionization
source is given in Ref. 8. Nonequilibrium double-humped
distribution functions for Ar* ions in Ar have been ob-
served in a low-pressure drift-chamber experiment.'’

A solution of the Boltzmann equation for a constant
field with an arbitrary source function P(z) is constructed
using the plane-source solution as a Green's function.
The distribution function for constant field with an arbi-
trary P(z) is

ON(z —20)]s (v,)8(v} /2 —a(z —zy))
V2a(z —zy)]} exp[ —v;No/(2a)))dz, . (4)

Consider, as case 2, a uniform source for non-negative z. The source function P(zy) in Eq. (4) is replaced by rs(z,). The

particle flux density

ffffzvdv,dv,dv,

is equal to rzZ; it grows linearly with distance from the origin. The average velocity of the ions in the z direction is

ffffav,dv dv,dv,

(v,)=

Z

[ [ [ rodvdveay,

The average velocity in case 2 approaches the equilibrium
drift velocity of v'2a /(o N~), but approaches more slowly
than in case 1. The slower convergence is due to the pro-
duction of new ions at rest via electron impact ionization
at all z>0. The distance required for the average ion
velocity to reach 90% of the equilibrium drift velocity is
4.5 mean free paths in case 2.

Experimental studies of the electric field in the cathode
fall indicate that the field increases with distance from the
cathode-fall—negative-glow boundary. The field reaches a
maximum at or near the cathode surface. The spatial
dependence of the field has long been approximated as
directly proportional to z, the distance from the cathode-
fall—negative-glow boundary. Recent accurate electric
J

[i=ibtvy)
xexploNz{[1—v2/(kz})]'/2—

T V#/QaNo)[erf(VoNz JoNz +1/2)+ v oNz /mexpl

. (5)
—0oNz))]

—

field measurements using optogalvanic detection of Ryd-
berg atoms support this simple spatial dependence of the
field.'" The Boltzmann equation with a linearly increas-
ing field is

of
+kz
at dv,
=—Novf +Nodv) [ [ [ fvdv,dv.dv, +Pi2)s(v),
)

f+va

where kz is the ion acceleration. The source function
P(z) for case 3 is a plane source jb(z —z,) where z; > 0.
The distribution function for z >z, is

d(v, Nexp[ —oN(z —20)]5 (0,)28(07 —kz?+ kz3) +(oN /VE Vs (v,) —s [v, — (k22— k22 ]
1) /tkz?~y

Hiey (n

This distribution function for large z approaches Wannier’s equilibrium distribution function®

Seq=J0v )00, )[oN /(kz)]s (v,) exp[ —vloN /(2kz)] .

(8)

|




32 EQUILIBRATION DISTANCE OF IONS IN THE CATHODE FALL 2979

We need to specify z, in order to compute an equilibration distance for the average velocity. If z;>>(oN)™!, then the
field changes only slightly in a mean free path and the equilibration distance will be that of the constant field problem.
The interesting case is for z, near zero. The average velocity in the z direction for this case is

(o, f f fju dv,dv.dv, 1 o)
f f ff,du duv,dv, - exp( —oN2)/(VEk z)+ moN expl —oNz)[Io(aNz)+ Lo(oN2))/(2VE )
where I(z) is a modified Bessel function of order O and L(z) is a modified Struve function of order 0 as defined and
tabulated in Refs. 12 and 13. The average velocity for this case reaches 90% of the equilibrium drift velocity
V' 2kz /(7o N) in 1.7 mean free paths.
The plane-source distribution function for the linearly increasing field can be used as a Green’s function to construct
an ion distribution function for an arbitrary source function P(z). The distribution function for a linearly increasing
field with an arbitrary source function is

vy) f(:P(zU)[exp[—aN(z —zy)]s (e, 12800} — k22 4+ kz2d) +(oN /VE Vs (v,)—s [v, — (k22 ~kz3) 2]}
v 1dz, . (10)

S =0blv, )81
xexploNz{[1—v} /tkz®) V2= 1{)/ k2 —

If the source function of the cathode fall is known, then it is possible to calculate a fairly realistic distribution function
and equilibration distance for the ions. Unfortunately, it is the source function we are proposing to map from accurate
field and gas density {temperature) measurements by assuming that the ions are equilibrated. This seems to suggest that
the Boltzmann equation for ions, the Boltzmann equation for electrons, and Poisson’s equation must be solved simultane-
ously. Fortunately, a simultaneous self-consistent solution of these three equations is not necessary. The source function
P(z) is a decreasing function of z throughout the cathode fall. An electron avalanche starts from one electron emitted at
the cathode and grows as z decreases. Thus we can compute an upper limit for the equilibration distance of the ions in
the cathode fall by using a uniform source function for positive z. This is case 4. The average ion velocity for a linearly

increasing field with a uniform source of ions at all positive z is

[ [ [ favdvdvay,

z

(v,)= f f ff4dbzdvxdvy ~_exp(

where I,(z) and L,(z) are modified Bessel and modified
Struve functions of order 1. The distance required for the
average velocity to reach 90% of the equilibrium drift
velocity V'2kz /(moN) is 5.7 mean free paths.

A normal rare-gas cathode fall is 50 to 100 mean free
paths thick.*'* The ratio of 50 or 100 is independent of
pressure because the product in Torrcm of pressure and
thickness is constant for a normal cathode fall. The asser-
tion that the ion velocity in a rare-gas cathode fall can be
approximated by the equilibrium drift velocity is justified.
The approximation fails within the first 6 mean free paths
of the cathode-fall—negative-glow boundary. The approx-
imation should be reliable for positions more than 6 mean
free paths from the cathode-fall—negative-glow boundary.
The collision term of the Boltzmann equation used in the
preceding calculations is valid only for high field, but this
should lead to an overestimate of the equilibration dis-
tance. Recent nonhydrodynamic calculations of electron

—aoNZ)r{IgloNz)+LoloNz)+oNz[I,(oNz}+ L (aNz)+2/7]} /(

11
VE) (11)

kinetics suggest that the source function is fairly uniform
near the cathode-fall—negative-glow boundary.'®

It should be emphasized that the short equilibration
distance is unique to the ions because of the symmetric
charge exchange. The electrons in the cathode fall are not
in hydrodynamic equilibrium. The nonequilibrium distri-
bution of the electrons is a topic of high current interest
for theoretical and experimental researchers.
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Various laser diagnostics are used to study the cathode-fall and negative-glow regions of a He
glow discharge with a cold Al cathode. The electric field and absolute metastable densities are
mapped and the gas temperature is measured over a range of current densities from a near-normal
(173 V) to a highly abnormal (600 V) cathode fall. These measurements are analyzed to yield the
current balance at the cathode surface, the ionization rate in the cathode-fall region, and the meta-
s«idle production rate in the cathod.-fall and negative-glow regions. The experimentai resuits com-
pare favorably with the results of Monte Carlo simulations. The density and temperature of the
low-energy electron gas in the negative glow is determined by combining information from the ex-

periments and Monte Carlo simulations.

I. INTRODUCTION

There has in recent years been a very substantial effort
toward the development of a quantitative microscopic
understanding  of the cathode region of glow
discharges.!” ® This region is of great practical interest
because of its importance in plasma processing and in
pulsed power devices. Plasma processing includes appli-
cations of glow discharges in ion etching, thin-film depo-
sition, and plasma treating of surfaces. The stability of
pulsed gas discharge lasers and other pulsed power de-
vices is largely determined by the stability of the
cathode-fall region.

The cathode region is also of great fundamental in-
terest. The hydrodynamic approximation, which is often
very useful in the central region of a discharge, fails in
the cathode region. If the local E /N (electric field to gas
density ratio) determines the velocity dependence of the
electron distribution function, then the electrons are in
hydrodynamic equilibrium.” The lack of hydrodynamic
equilibrium in the cathode-fall region is caused by the
large and rapidly changing E /N, and by the proximity of
the electrode. The cathode region includes both the
cathode-fall and negative-glow regions. The negative
glow has a high density of low-energy electrons and very
small electric fields. It also is a nonhydrodynamic region
because of a low density of high-energy “beam" electrons
injected from the cathode-fall region. Unfortunately the
extensive data base of electron transport coefficients such
as drift velocities, diffusion coefficients, and Townsend
coefficients is not directly applicable in modeling the
cathode region.® These coefficients are generally mea-
sured in drift tube experiments in which considerable
effort is devoted to ensuring that the hydrodynamic ap-
proximation holds.

Nonequilibrium regions are receiving increased atten-
tion from theorist and experimentalist.” !> Because of
their nonequilibrium nature, electrons in the cathode-fall
region are often modeled using either a full Boltzmann
equation analysis or a Monte Carlo simulation. A some-
what less realistic but much faster approach is based on a
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model distribution function with position-dependent pa-
rameters.'* The spatial dependences of the parameters
such as electron density, average velocity, and average
energy, are determined by solving moments of the
Boltzmann equation which are coupled ordinary
differential equations. These approaches might in general
be called nonequilibrium fluid models. Single-beam and
multiple-beam models are examples of this general ap-
proach. '*'* This approach is attractive because it is usu-
ally easier and faster to solve moments of the Boltzmann
equation which are coupled ordinary differential equa-
tions than it is to solve the full Boltzmann equation
which is a partial differentio-integral equation. The
nonequilibrium fluid approach can in principle be made
quite realistic if one is sufficiently clever in the design of a
model distribution function for the electrons.

A more complete solution w.li require a calculation of
self-consistent space-charge electric fields. This will in-
volve coupling Poisson’s equation and one (or more) mo-
ment equation(s) for ions to the moment equations for
electrons. Consider a model which includes three mo-
ments of the Boltzmann equation for electrons, Poisson’s
equation, and a single continuity equation for ions. This
model requires the simultaneous solution of five coupled
first-order differential equations. Four natural boundary
conditions include specifying the electron distribution
function at the cathode and specifying an electron emis-
sion coefficient for ion bombardment of the cathode. The
“missing”’ condition is unfortunately not a boundary con-
dition but rather an extremum condition. The physically
correct solution will maximize the current at fixed volt-
age or minimize the voltage at fixed current.

The problem described in the preceding paragraph is
obviously quite difficult. It is also incomplete because of
the important role played by metastable aioms, and uv or
vacuum ultraviolet (vuv) photons in releasing electrons
from the cathode. Appropriate balance equations for
these neutral particles must also be included in the prob-
lem.

A complete solution to the cathode-fall problem is
beyond the scope of this paper. This paper d-- -ribes ex-
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tensive experimental results from recently developed laser
optogalvanic diagnostics, and more traditional laser-
induced fluorescence and laser absorption diagnostics. '®
These experimental results include electric field maps, gas
temperature (density) measurements, and absolute meta-
stable density maps in a He glow discharge over a range
of current densities from a near-normal cathode fall of
173 V to a highly abnormal cathode fall of 600 V. These
experimental results are analyzed in detail to provide in-
formation on electron-impact ionization and excitation in
the cathode-fall and negative-glow regions. Monte Carlo
simulations of electron avalanches in the cathode region
are compared to the experimental results. The Monte
Carlo code is based on the Boeuf-Marode variation of the
null collision technique for nonuniform fields.!” The
agreement of the Monte Carlo results and the experimen-
tally derived ionization and excitation rates is generally
good. Finally, the experimental results are combined
with Monte Carlo simulations to infer the density and
temperature of the low-energy electron gas in the nega-
tive glow. This unexpected information is largely based
on observation of a suppression of the 2'S metastable
density in the negative glow due to metastable spin con-
version by low-energy electron collisions.

The results of this paper can be viewed in several ways:
{1) as a test of our understanding of the key physical pro-
cesses in the cathode region, (2) as a set of benchmark ex-
periments for further modeling of the cathode region, or
{3) as a starting point for more ambitious experiments to
study electron emission from the cathode. We plan to
make in situ determinations of the relative importance of,
and coefficients for, electron emission due to ion, metasta-
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ble atom, and uv or vuv photon bombardment of the
cathode.

The structure of this paper is as follows. Section Il is a
description of the experimental apparatus. Sections III
and IV are, respectively, a presentation of the electric
field and gas density measurements, and an analysis of
this data to yield information on ionization in the
cathode-fall region. The field maps and gas density mea-
surements are combined with an analytic treatment of ion
transport in the cathode-fall region to determine the
current balance, or ratio of ion to electron current at the
surface of the cathode. This ratio is found to be 3.3 and
is independent of the total discharge current. Sections V
and VI are respectively, a presentation of the metastable
density maps and an analysis of metastable diffusion and
kinetics in the cathode-fall and negative-glow regions.
The analysis of the data yields 2'S and 2°S metastable
production rates and a rate for 2 'S metastable quenching
due to low-energy electron collisions in the negative glow.
Sections VII and VIII are, respectively, a discussion of
the Monte Carlo code including electron-impact cross
sections and a comparison of the Monte Carlo results
with the experimental results. Section IX is an analysis
of the density and temperature of the low-energy elec-
trons in the negative glow. Finally, Sec. X includes a
summary, some conclusions, as well as speculations on
future work.

II. EXPERIMENTAL APPARATUS

Figure 1 is a schematic of the experimental apparatus.
The discharge used in these studies 15 produced between
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g
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FIG. 1. Schematic of the experimental apparatus showing all three detection methods: optogalvanic, fluorescence, and absorption

detection.
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flat circular Al electrodes 3.2 ¢cm in diameter and separat-
ed by 0.62 cm. The electrodes are water cooled to mini-
mize gas heating. The discharge tube is made primarily
of glass and stainless steel. Most of the large seals are
made with knife edge flanges on Cu gaskets. The only ex-
ceptions are the high-vacuum epoxy seals around the
fused silica brewster windows. A liguid-N, trapped
diffusion pump evacuates the tube to 2x107% Torr.
When no liquid N, is in the trap an ion pump maintains
the vacuum to prevent oil from backdiffusing into the
system. The leak rate into the seuled discharge tube is
approximately 3 x 10 * Torr/day. For discharge opera-
tion ultrahigh-purity (0.999999) He 1s slowly flowed
throngh the system. A capacitive manometer monitors
the pressure which is maintained at 3.5 Torr. The He
first passes through a cataphoresis discharge to remove
any residual contaminants before entering the main
discharge tube. Emission spectra reveal only weak Al
and H impurity lines. Although He is much less effective
at sputtering than heavy inert gases, some sputtering of
the Al cathode does occur. We suspect that the slow ero-
sion of the cathode gives rise to both the weak Al and H
impurity lines. Many metals absorb hydrogen. The sur-
face of the Al cathode is cleaned in situ by running an Ar
discharge. Argon is very effective at sputtering most
metals including Al A carefully prepared cathode pro-
vides discharge V-f characteristics which are stable to a
few percent over a period of a month.

Experiments are carried out over a range of discharge
current densities from 0.190 to 1.50 mA/cm?®. The low
current density corresponds to a near-normal cathode-fall
voltage of 173 V and the high current density corre-
sponds to a highly abnormal cathode-fall voltage of 600
V. The discharge current s spread uniformly across the
surface of the electrodes. The absence of significant
fringing was verified by segmenting the 3.2-cm-diam
cathode into a 1.6-cm-diam disk and a close-fitting an-
nulus with an outside diameter of 3.2 ecm. Each part of
the cathode wus maintained at the same potential during
operation and the average current density on each was
measured. The current density was found to be uniform
across the cathode. This measurement is one of the
justifications for using one-dimensional models of the
cathode-fall region. The segmented cathode was replaced
by a solid cathode after the current-density measure-
ments.

The laser used 1s a N, laser pumped dye laser. Several
different configurations for the dye laser are used, de-
pending on the specific experiment. The dye laser band-
width is 0.3 cm ! without an étalon. An étalon is used to
reduce the bandwidth to 0.01 cm ' (300 MHz) for some
measurements. The dye laser with frequency doubling is
tunable over a wavelength range 200-700 nm.

Figure | shows all three detection schemes used in
these experiments. Optogalvanic detection, fluorescence
detection, and absorption detection each has unique ad-
vantages which are discussed in subsequent sections. In
order to perform spatially resolved measurements
without disturbing laser alignment the discharge is
mounted on a precision translation stage. Good spatial
resolution is achieved, when necessary, by passing the
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laser beam through a narrow slit and imaging the slit into
the discharge region.

III. ELECTRIC FIELD AND GAS DENSITY
MEASUREMENTS

Space-charge electric fields in gas discharges have trad-
itionally been measured using electron beam deflection.
A laser-induced fluorescence technique for field measure-
ments was recently developed by Moore, Davis, and
Gottscho.'* A laser technique based on optogalvanic
detection of Rydberg atoms was recently developed by
Doughty, Salih, and Lawler.'®!" Both laser techniques
have a number of important advantages over the tradi-
tiona) electron beam deflection technique.’® The laser
techniques are useful at higher pressures and discharge
current densities. It is easier to use a spectroscopic tech-
nique in a high-purity discharge system. The laser tech-
niques are truly nonperturbing when performed with a
nanosecond pulsed laser because the field is measured
when the atoms or molecules absorb the laser light, and
any perturbation to the discharge fields occurs on a
longer-time scale. Lasers have the potential for making
measurements with a few microns spatial resolution and
nanosecond temporal resolution. The technique based on
Rydberg atoms has broad applicability because all atoms
and molecules have Rydberg levels. This technique also
has a wide dynamic range because one can choose an ap-
propriate principal quantum number. The Rydberg atom
technique has been used to measure fields as small as
101 V/em. !

The technique based on optogalvanic detection of Ryd-
berg atoms excited with a single laser is used in this inves-
tigation.'® A technique involving intersecting laser
beams for pinpoint field measurements has also been
demonstrated." The discharge studied in this experi-
ment is sufficiently one dimensional that the simpler sin-
gle laser technique is adequate. In addition to the advan-
tages described in the preceding paragraph, a Rydberg
atom technique offers an advantage in ease of interpreta-
tion. The experimental Stark spectra are analyzed by
comparing to theoretical Stark maps. Straightforward,
ab initio calculations of these Stark maps to 1% accuracy
are possible for many atoms. An excellent procedure for
calculating the Stark maps is described in detail by Zim-
merman, Littman, Kash, and Kleppner.?2 The procedure
used in this work is a simplified version of that described
by Zimmerman et al. The main simplification is that we
use corrected hydrogenic radial matrix elements instead
of performing a numerical integration for radial matrix
elements.

A Rydberg atom is an atom with one of its electrons
excited to a high-lying energy level characterized by a
large principal quantum number n. As n increases, many
atomic properties tend towards those of hydrogen. The
energy of Rydberg states is given by the empirical formu-
la,

R,
WnIZWion_m , (1)
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where W is the ionization potential, R is the Rydberg
constant, / is the angular momentum quantum number,
and §, is the quantum defect. This expression describes
hydrogenic energy levels for 8, =0. The quantum defect
reflects the degree of interaction of the outer valence elec-
tron with the core electrons.

Mixing of states with different principal quantum num-
bers occurs if both the field and principal quantum num-
ber are sufficiently large. This is an undesirable compli-
cation if one is studying a discharge and simply using
Rydberg atoms as a probe. It can usually be avoided by
choosing an appropriate, somewhat lower principal num-
ber for very high fields. In heavy atoms with large quan-
tum defects it may be necessary to include states, which
are nearby at zero field, but have different principal quan-
tum numbers. In He all quantum defects are less than
0.5.

The energy perturbations are calculated by diagonaliz-
ing an (n —m) by (n —m) Hamiltonian matrix, where m
is the component of angular momentum along the field
axis. The basis set is made of eigenfunctions of the un-
perturbed Hamiltonian. The diagonal matrix elements
are the unperturbed energies of the levels as given in Eq.
{1). The quantum defect &, can be deduced from Moore’s
tables of energy levels.?® The off-diagonal elements van-
ish except those connecting states for which / differs by 1.
These matrix elements are approximately the hydrogenic
matrix elements given by the expression

(nlm eEBrinl—1m)

, i

=112 —m?)
471 1

=(3)eEayn 2)

where ¢ is the unit charge and a,, is the Bohr radius. The
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dipole matrix elements above must be corrected to ac-
count for core penetration effects. A correction factor of
order 1 has been tabulated as a function of quantum de-
fect by Edmonds et al.?*

Figure 2 presents the results of applying the procedure
outlined above to the n=11, m=0, singlet levels of He.
The diagonal elements are determined from the splittings
of the 11'S, 11'P, 11'D, 11 'F, and 11'G levels, whereas
the H, I, K, L, M, and N levels are approximated as being
degenerate with the 11'G level.”> A 5% correction is ap-
plied to the S-P matrix elements to account for core
penetration.>* Corrections to the other elements are gen-
erally less than 1%. Figure 2(a) is a plot of the energies
of the m=0 states for the n=11 levels as a function of
applied electric field. The energies are the eigenvalues of
the diagonalized Hamiltonian. Only ten components ap-
pear in this figure since the 11'S level has a large quan-
tum defect and is 23 cm ™! below this pattern. This level
does not mix strongly with the other n=11 levels at the
fields indicated in the figure. For fields above 200 V/cm
the pattern clearly reflects a linear Stark effect.

Figure 2(b) is a plot of the expected intensity of select-
ed Stark components from Fig. 2(a) as a function of elec-
tric field. Suppose transitions between a low-lying non-
Rydberg 'S level and the n=11 Rydberg states are
driven. With no external electric field, only the
IS — 11 'P transition will be observed. The effect of the
field is to mix a fraction of the 11 'P state into each n=11
state. This fraction is determined by squaring the ap-
propriate element from an eigenvector of the diagonal-
ized Hamiltonian. The fraction is a relative linestrength
for a transition to that component of the Stark manifold.
The relative linestrengths of the components labeled 1, 3,
and 8 are plotted in Fig. 2(b). Such information is useful
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FIG. 2. ta) Theoretical Stark map for the n =11 singlet m =0 levels of He. (b) Theoretical intensities of selected Stark components

as a function of electric field.
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in determining electric fields in the case where the split-
tings between individual components are small.

The narrow bandwidth, high power dye laser is ideal
for exciting atoms from a well-populated lower level to a
specific Rydberg level. Since the oscillator strength de-
creases as 1/n% it is very difficult to directly detect the
weak absorption. Laser-induced fluorescence from these
atoms is also difficult to detect, because in the 1-10 Torr
pressure regime the Rydberg atoms do not survive long
enough to radiate. They are collisionally ionized via col-
lisions with ground-state atoms. Associative ionization,

He*(nl > 3s)+He(l 'S(,D—HH63‘+07 » 3)

is likely important for Rydberg levels below the ioniza-
tion limit by more than thermal energies. The absorption
of laser radiation produces excess ionization in the
discharge and thus produces an optogalvanic effect. An
optogalvanic «Fect is detectable as a perturbation of the
discharge current and can in general be either positive
{increased current) or negative. Absorption of radiation
may in some cases cause a reduction of ionization in the
discharge and a decrease in discharge current.?® Opto-
galvanic spectroscopy is uniquely suited to the detection
of Rydberg atoms in a discharge environment.

The cathode-fall region is particularly well suited to
optogalvanic detection. If an extra ion-electron pair is in-
troduced into the cathode-fall region the electron is ac-
celerated by the field, thus producing additional ioniza-
tion. This amplification can result in optogalvanic effects
in the cathode-fall region that are 100 times more sensi-
tive than optogalvanic effects in the positive column.

If the lower level from which the transition is driven is
metastable, the ionzation process results in the destruc-
tion of the metastable atom. The destruction of atoms in
these levels can produce a negative optogalvanic effect
since metastables diffusing to the cathode have a large
probability of releasing electrons from the cathode. It
would seem that this negative optogalvanic effect might
cancel the positive optogalvanic effect which is due to the
extra electron produced by associative ionization. The
time scales for the two signals, however, are vastly
different. The diffusion time of the metastables to the
cathode can be several hundred microseconds, whereas
associative ionization produces a signal in less than 1
pusec. When produced by a pulsed laser the positive por-
tion of the transient optogalvanic signal is well isolated
and can be easily monitored with a boxcar averager.

The critical consideration in measuring discharge elec-
tric fields is choosing an appropriate transition to pro-
duce the Rydberg atoms. For noble gases in general and
He in particular, transitions from the ground state to
upper levels are inaccessible with present dye lasers.
These gases, however, have metastable levels which are
well populated in the discharge. In He, both 2'Sand 2'S
levels are metastable. The 2'S to 11 'P transition at 321
nm is the most suitable under the conditions of this ex-
periment. Although the 2°S level has a higher popula-
tion than the 2'S, the n *P levels have a much higher
quantum defect than the n 'P's (0.068 and —0.012, re-
spectively).?* The larger quantum defect necessitates ex-
citing to a level with a larger n to observe a linear Stark
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effect for a given field. The oscillator strength goes as
1/n* while the number of components increases as #, so
the amount of signal in each component drops as 1/n*,

Radiation from the dye laser is frequency doubled us-
ing a potassium dihydrogen phosphate crystal. The fre-
quency doubled beam is polarized normal to the surface
of the cathode so that only Am =0 transitions are excited.
This results in only m=0 Rydberg states because the
lower level is a 'S. The beam is focused in the center of
the discharge to a strip approximately 0.01 cm wide and
1 cm long parallel to the surface of the electrodes. As the
laser is scanned through the Stark manifold, the current
1s monitored across a 263 ) resistor be ween the cathode
and ground. The optogalvanic signal is processed using a
boxcar averager, the output of which is plotted on one
channel of a two-channel chart recorder. Figure 3 in-
cludes representative Stark spectra for a range of dis-
tances from the cathode. The splittings of adjacent com-
ponents or the width of the entire Stark manifold are
compared to the Stark map of Fig. 2(a) to determine the
local electric field. A relative frequency calibration is ob-
tained by use of an étalon with an accurately determined
spacer. Interference fringes are generated and recorded
simultaneously with the spectrum.
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FIG. 3. Optogalvanic Stark spectra in the 3.50-Torr He
discharge operating at 1.50 mA/cm?®, The distance from the
cathode in centimeters at which each spectra is taken is indicat-
ed at the right.
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The relative linestrength of Stark components or
groups of components is also usetful in field measure-
ments.'® This approach works best at low fields where
the linestrengths are strongly dependent on field as indi-
cated tn Fig. 2(b). The relative linestrengths are equal at
high field. In order to determine an electric field from
relative linestrengths one must (1) avoid saturation of ex-
perimental spectra and (2) establish that the optogalvanic
effect 1s equally efficient on all components. This second
condition can be argued on fairly general grounds. Col-
lisions with ground-state atoms rapidly mix the popula-
tions of the zero-field n=11 levels. The cross section for
[ mixing of n=11 Na atoms by collision with ground-
state He atoms is 1.85% 107 A*.77 It is reasonable to as-
sume that an n=11 He atom behaves similarly to an
n=11 Na atom, thus the [/ mixing rate of approximately
410" sec 'at 3.5 Torr is expected. This mixing rate
completely overwhelms radiative decay from the 11'P
fevel at a vacuum rate of 1.4+ 107 sec '.** Radiation
trapping further strengthens the argument by lowering
the effective radiative decay rate. A comparison of rela-
tive linestrengths must be based on integrated line-
strengths because the spectral widths of the Stark com-
ponents vary across the manifold. The outer components
are broadened by the local electric field gradient. The
laser probes some finite volume containing a range of field
magnitudes.  The spectral position of the outer com-
ponents 1s most dependent on the field, and hence their
widths is proportional to the field gradient and the
volume probed by the Jaser.

The results of field measurements as a function of posi-
tion made at five different current densities in 3.5 Torr of
He are plotted in Fig. 4. These measurements are based
on the splittings of adjacent components and the width of
the Stark manifold. The solid lines are linear-least-square
fits to the data. The linear decrease in field magnitude
with distance from the cathode is in agreement with the

——
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classic picture of the cathode-fall region. Close inspec-
tion reveals only a very slight negative curvature. This
linear behavior persists to quite small fields near the
cathode-fall-negative-glow boundary where the field ex-
trapolates to zero. Direct measurements to rather low
ficlds have been reported by Ganguly et al.** The posi-
tion of the boundary between the cathode-fall and
negative-glow regions can also be confirmed by a qualita-
tive and quantitative change in optogalvanic effects. The
excellent agreement between the voltage measured using
a digital voltmeter and the voltage determined by in-
tegrating the electric field across the cathode-fall region
indicates that the field measurements are on average ac-
curate to 19.

It is essential to determine both the electric field and
the E/N throughout the cathode-fall region. We found
that significant gas heating and a corresponding gas den-
sity reduction occurs in the abnormal cathode-fall region,
even with the water-cooled electrodes in our experiment.
Tons carry most of the current in the cathode-fall region.
The motion of atomic or molecular ions in their parent
gas ti.e,, He' in He or N, in N,iis limited by sym-
metric charge exchange

He ~(fast) + Hetslow)- - Helfast) +He " fslow) . (4

This reaction has a large resonant cross section which is
only weakly dependent on energy. It results in a short
equilibration distance for ions as discussed in Sec. 1V, and
a very efficient conversion of electrical energy to heavy-
particle translational motion and to heat. Examination
of the typical Nd_. products igas density times cathode-
fall thickness) suggests that many of the energetic neu-
trals scatter before reaching the cathode.

To complement the field measurements in Fig. 4, the
gas temperature is measured in the cathode-fall region for
each of the five current densities of the study. The tem-
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FIG. 4. Flectrie field as a function of distance from the cathode for five current densities, all at 3.50 Torr. The lines are lincar-
least-squares fits to the data. The anode corresponds to the right-hand side of the figure.
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perature 1s found to be constant within an error bar
throughout the cathode-fall region.

Doppler profiles are obtained by scanning a nonsa-
turating pulsed dye laser through the transition of in-
terest and detecting the resulting optogalvanic signal
with a boxcar averager. The beam was focused to a
width of 0.06 ¢m within the cathode-fall region. The
transition is the 2'S to 3 'P transition of He at 501.6 nm.
The dye laser bandwidth is reduced to 300 MHz by intro-
ducing an etalon. Other contributions to the observed
line shape include a natural width of 92 MHz, > pressure
broadening at 3.5 Torr of 146 MHz,* and Stark broaden-
ing on the order of 100 MHz. These contributions are
small compared to the Doppler width of 3.66 GHz at 293
K.

The temperature was determined by measuring the full
width at half maximum intensity of the line profile. Since
the temperature increase is proportional to the power dis-
stpated in the discharge and the Doppler width is propor-
tional to the square root of the temperature, the square of
the measured width was plotted as a function of
Jischarge power. If the broadening mechanisms, apart
from Doppler broadening, are negligible, the resulting ex-
trapolation should indicate a zero-power Doppler width
which corresponds to ambient gas temperature. The
difference between the width calculated at ambient tem-
perature and that indicated by the zero-power extrapola-
tien gives the residual width, which was then subtracted
trom the measured widths. This correction is less than
the size of the crror bar. The temperature at each
current density was then determined from the width.

Figure 5 is the resulting experimentally derived gas
density as a tunction of discharge power measured at a
constant pressure of 3.50 Torr. At the highest power
studied, the density is 309 lower than what would be ex-
pected assuming ambient temperature. Each data point
is determined from ten Doppler width measurements.
These density measurements are combined with the field
measurements of Fig. 4 to derive important parameters of
the cathode-fall region in Sec. 1V of this paper.

IV. CURRENT BALANCE AT THE CATHODE SURFACE

The current balance at the surface of the cathode is the
ratio of the ion current to electron current, which is
determined from measurements of the electric field and
gas density in the cathode-fall region and the total
discharge current density J,. The ion current density at
the cathode, J" , is the product of the ion charge density
p. and the average ion velocity at the cathode surface,
()", Poisson’s equation determines the space-energy
density in the cathode-fall region from the spatial gra-
dient of the electric field. High fields in the cathode-fall
region result in very high electron velocities and a negli-
gible electron density; the space charge is almost entirely
due to the ions.

Ion motion in the cathode-fall region is limited by the
symmetric cha. ge exchange reaction of Eq. {(4). The cold
gas or high-field approximation is applicable throughout
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FIG. 5. Experimentally derived gas density as a function of

discharge power measured at a constant pressure of 3.50 Torr.

most of the cathode-fall region. In this approximation
the ion is assumed to start from rest after each charge ex-
change. It is thus reasonable to argue that the equilibra-
tion distance of the ions should be comparable to the
mean free path for symmetric charge exchange. Each
charge exchange collision wipes out all memory of the
ion’s history. Although the above argument is appealing,
two aspects of the cathode-fall region complicate the pic-
ture. There is a significant field gradient, and new ions
are produced throughout the cathode-fall region by
electron-impact ionization.

These complications have both been included in an an-
alytic treatment of ion transport in the cathode-fall re-
gion.'" These solutions to the Boltzmann equation for
ions will be summarized here. It is convenient to reverse
coordinate systems when discussing ions. In most of this
paper, parameters are measured and plotted as a function
of distance from the cathode. For this discussion of ion
transport we choose an origin at the boundary between
the cathode-fall and negative-glow regions, and we let the
positive z axis point toward the cathode. This temporary
change in coordinate systems makes the field, ion veloci-
ty, and ton flux density positive. The time-independent
Boltzmann equation is




2478 E. A. DEN HARTOG, D. A. DOUGHTY, AND J. E. LAWLER 38
ko af v/ scope of this work. We therefore use a field which in-
m o ar. Vs creases  linearly  with  distance from the cathode-

- Novf - .\'m‘ﬂv\f f fj’z' dv.dv dv,

« Puozidiv (5

where ¢ s a unt charge. m | is the 1on mass, o is the
charge exchange cross section, and Pz the electron-
impact fonization rate per unit volume. The charge ex-
change cross section, although weakly energy dependent,
is here approximated as independent of energy. The first
and second terms on the right-hand side of Eq. 15} are
Wannier's elegant eapression for the collision term due to
symmetric charge exchange. * The third term is a source
term due to electron-impact ionization. This source term
and the electric field should come from a self-consistent
description of the cathode-fall region which 1s beyond the

j

fall-negative-glow boundary and replace the ion ac-
celeration ¢E/m | by kz. The electron-impact ionization
rate per unit volume, P{z), is known to peak near the
cathode-fall-negative-glow boundary from Monte Carlo
simulations by Beouf and Marode, and others.!” Section
VII of this paper describes a determination of P(z) from
Monte Carlo simulation of electron avalanches in the
cathode region. A lower limit for the equilibration dis-
tance is calculated by assuming that P(z) describes a
plane source at the cathode-{all-negative-glow boundary.
An upper limit for the equilibration distance is calculated
by assuming P(z) describes a uniform source for positive
z. Both limits are derived from the solution to the prob-
lem where P(z) is a plane source jdlz —z,) and where
z,, > 0. The distribution function at any positive z for this
source i

fo - idte e st lexpl —o Ntz =z 02000~ kzt o kz)

“oN/V K 1 —sies —kz 4 ks lexplo Nzl —vl/kz ) - U /tkz?—eih 5y 6!

where str.1 represents a step function. The integral
ffff(,vdl':dz'\dry 15 the jon flux density jZ for all z
greater than z,,. The flux density must be independent of
position by conservation of particles. The integral

ffff(,‘dl';dl"dl‘y

is the 1on density which is dependent on position because
the ions are accelerating. The distribution function of
Eqg. 16) for large z approaches Wannier's equilibrium dis-

)

ffff(;";dl‘:dl‘xdv}.

r
tribution function™?

Soq=Ji0le 0, Na N /kz)s (v, Jexp! — vio N /2kz) . N

The lower himit for the equilibration distance of ions in
the cathode-fall region is determined by letting z, ap-
proach zero. This limit corresponds to a plane source of
ionization at the cathode-fall-negative-glow boundary.
The average velocity in the 7 direction for the case where
z, approaches zero is

1

O =T [ pododede, el —oNa/VEZ ¢

where /,(z) is a modified Bessel function of order 0 and
L,(z) is a modified Struve function of order 0 as defined
and tabulated in Abramowitz and Stegun.*** The aver-
age velocity for this case reaches 90% of the equilibrium
drift velocity V2kz/moN in 1.7 mean free paths. If
z, >>(oN) ' then the field changes only slightly in a
mean free path and the equilibration distance will be that
of the constant field problem, 0.65/0 ¥, or two-thirds of a
mean free path.

The flux density, average velocity, and ion density are
plotted in Fig. 6 for the distribution function of Eq. (6)
with z,=0. The flux density, plotted in Fig. 6(a}, must be
independent of z because the source is localized at z,, near
the origin and the system is in steady state. The average
velocity, plotted in Fig. 6(b), is a steadily increasing func-
tion of z because the field tncreases linearly with z. Fig-
ure 6(c), which is a plot of the ratio of the average veloci-

rmoNexpl —oN2)[I,(oN2)+ Lo Nz))1/2Vk

(8)

—

ty to the local equilibrium drift velocity V2kz/mo N,
clearly shows that the nonhydrodynamic behavior is
confined to within a few mean free paths of the source
near the origin. The equilibration distance of 1.7 mean
free paths required for the average velocity to reach 90%
of the local equilibrium drift velocity is read directly
from Fig. 6(c). A low average velocity near the origin im-
plies a large ion density because their product is the con-
stant flux density. The ion density is plotted in Fig. 6(d).

Equation (6) for f is very slightly different from f as
defined in Eq. (7) of Ref. 31. The changes make f;
defined (zero) for positive z less than z,. Thus f; corre-
sponds more closely to Arfken's definition of a one-
dimensional Green's function.” The distribution func-
tion at any positive z for a linearly increasing field with
arbitrary P(z) is
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. f Pizotenp[ coNz oz sl kD kzid
o NVK [ =il kst kzilexplo Nz [0 e k2N skt e D Dz, (9)

Ihis integral determines a realistic ion distrivation function if a Monte Carlo simulation of electron avalanches is used
to determine Py the electron-impact womzation rate per umit volume. A flux density evaluated directly from an exact
distribution function includes drift, diffusion, and all higher-order terms of a density gradient expansion. An exact solu-
tion may be particularly valuable in modeling an abrupt cathode-fall negative-glow boundary. The objective here is to
prove that the average ion velocity is the equidibrium drift velocity in most of the cathode-fall region. The true source
funcnion as determined in Monte Carlo simulations peaks near the cathode fall -negative-glow boundary, and thus is a
decreasing function of = throughout the cathode-fall region. The upper limit on the equilibration distance is determined
by using a uniform jonization. rate per unit volume for all positive z. The average ion velocity for a linearly increasing
ficld with a uniform source of ions or all positive z is

ffffl‘_«(ll'__([('\d(.v

(o) = - - -
f f f/ dv.de de,
= T "'"277"7’ T T T : T T T T T TT=m T, (lo)
expt aoNom ItoND s Lyto N+ o Nz[T o N2V + L (o N2y + 2/7 11 /12v k)
where £z und £,z are moditied Bessel and modified  data.™ At the high current densities the drift velocity is

Struve functions of order .77 % The distance required  calculated using the equilibrium expression

for the average velocity 1o reach 909 of the equilibrium
drift velocity v 2Az /70N 1s 5.7 mean tree paths,

The ratio of the thickness of the cathode-tall region d_.
to the meun free path for ssymmetric charge exchange
SN T nvpieally S0 o 100 for arare-gas cathode fall.
A chunge modischarge current or pressure changes Nd,

(e =[2eE"/tm  zaN)]'7, (12)
where E is the field at the cathode surface. The sym-
metric charge exchange cross section o s taken from the
calculation of Sinha, Lin, and Bardsley.”” These calcula-
tions agree with Helm's experimentally derived cross sec-
tions. The slight energy dependence of ¢ does not weak-
en the proof of equilibration. but it is important to use a
value of o that corresponds to the average 1on energy at
the cathode surface. The average ion energy at the
cathode from the equilibrium distribution function of Eq.
1718

(m v:/2)'=¢E"/2Na .

only shghtly, thus the obuervanon

oNd, 5T (1,
Justities usmy an equiltbriam ion drift velocity in neardy
all of the cathode-tull region The approsimation fails
only within the first six mean free paths from the
cathode-full - negative-glow  boundary.  The  preceding

(13)
proof that the ons are i hydrodynamic equilibrium en-

ables us to complete the determination of the current bal-
ance at the surface of the cathode.
The drift velocity at the cathode surface for low

A self-consistent average ion energy and symmetric
charge exchange cross section are conveniently deter-
mined from a graphical analysis using a plot of o versus

currents 1s determined from Helm's precise mobility 1on energy. The intersection of the ¢ versus ion energy
TABLE I. Summary of the analysis of the electric field and gas density measurements to determine

the current balance at the cathode surface. The din.cnsionless ratio J'. /1J, —J" ) is the number of

1ons pro-duced in the cathode-fall region per tnet) electron emitted from the cathode.

Jp fmA/cm?)

0.190 0.519 0.846 1.18 1.50
E7 RV em (.897 1.426 1.870 2.395 3017
d emy 0.382 0.301 0.282 0.300 0.396
bk 0.173 0.211 0.261 0.356 0.600
FLokvo 0.171 0.215 0.264 0.359 0.597
VoIt em 1.2 10.% 10.3 9.48 8.01
gl Clems 2.08 4.20 5.88 7.07 5.74
Emoor /20 eV 1.66 2.82 3.89 5.71 8.92
a 10 em 2313 22.1 21.1

Cr 7D em/sect 7.12 9.28 10.9 13.2 16.5

J o mA/emy 0.148 0.390 0.641 0.933 1.11
Josrd, J 3.52 3.02 313 3.78 2.85
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plot with a hyperbola defined by Eq. (13) and an empiri-
cal E"/N determines the self-consistent average ion ener-
gy and symmetric charge exchange cross section. The
uncertainty in (v, )" is 4% in all cases.

Table I summarizes the analysis of the electric field and
gas density measurements to determine the current bal-
ance at the cathode surface. The excellent agreement be-
tween V., a voltage determined with a digital voltmeter,
and ¥V, a voltage determined from integrating the field
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data, indicates that the field .ncasurenscnts are on the
average accurate to 1%. The uncertainty in the ion
charge density p, is comparabie to the uncertainty in the
field measurements. The electron current density at the
cathode surface is J, —J" where Jp, is the discharge
current density. The electron current density has, of
course, a larger fractional uncertainty than the ion
current density. The dimensionless ratio J® /(Jp, —J" )
is the current balance or ratio of the ion current to elec-
tron current at the cathode surface. This ratio is of par-
ticular interest because it is the number of ions produced
in the cathode-fall region per (net) electron emitted from
the cathode.

V. METASTABLE DENSITY MEASUREMENTS

The spatial dependence of 2'S and 2 'S He metastable
densities is mapped along the axis of the discharge for
each of the five current densities. The experiment has
two parts: (11 laser-induced fluorescence is used to create
spatial maps of relative metastable densities and (2) ab-
sorption measurements are used to put an absolute scale
on the density maps. The absolute density of metastables
is modeled in Sec. VI to derive metastable production
rates for comparison to Monte Carlo simulations. From
the spatial distribution of metastables. and specifically
from the suppression of 2'S metastables in the negative
glow, valuable information is gained about the low-
energy clectrons in the negative glow.

Laser-induced  fluorescence is the  best  detection
method for producing relative maps of the metastable
density. Although optogalvanic detection offers superior
sensitivity near the cathode surface, its sensitivity is posi-
tion dependent. The laser-induced fluorescence measure-
ments are made using a pulsed N, Jaser pumped dye laser
tuned to cither the 501.6-nm transition for mapping the
2'S density or the 388.9-nm transition for mapping the
2'S density. The beam passes through a 250-um slit
which was imaged 1:1 into the center of the discharge us-
ing a 13-cm-focal-length cvlindrical lens. The laser polar-
ization is along the axis of the discharge. Fluorescence is
collected in a direction mutually perpendicular to the
laser axis and the axis of the discharge. The fluorescence
collection system includes a lens and slit combination to
isolate the central portion of the laser-discharge interac-
tion region. This eliminates possible distortion of the
spatial map due to metastable populations in the fringes.
The fens is masked to cut down on fluorescence scattered
from clectrodes which can also distort the map.

Excitation transfer among the n=13 levels due to col-
lisions with ground-state atoms allows the monitoring of
fluorescence at a wavelength different from that of the
laser.™ Interference filters are used to isolate 667.8-nm
(3'D-2'P) radiation when the laser is tuned to 501.6-
and 706.5-nm (3'S-2'P) radiation when the laser is
tuned to 388.9 nm. In this way scattered laser iight is el-
iminated from the signal. The fluorescence is detected
with a photomultiplier. The signal is averaged over
~ 1000 laser pulses. The entire fluorescence collection
system is mounted on the translation stage so it remains
fixed with respect to the discharge.




38 LASER OPTOGALVANIC AND FLUORESCENCE STUDIES OF . . . 2481

The laser absorption measurements for determining an
absolute scale for the metastable densities are made using
the same transitions as the laser-induced fluorescence
studies. Although absorption detection is far less sensi-
tive than optogalvanic or fluorescence detection, it does
provide a convenient absolute scale. An étalon is intro-
duced to reduce the laser bandwidth to 500 MHz and
thereby simplify analysis of the absorption data. The
beam passes through a 500-um slit which is imaged 1:1
into the discharge. Absorption measurements are made
at the peak of the spatial density at two current densities.
The intensity of the laser is substantially reduced to avoid
saturation of the transition. The transmitted laser light is
monitored with a photodiode detector. The signal from
the detector is processed with a boxcar averager and plot-
ted on a strip-chart recorder as the laser is scanned
through the transition. Metastable densities are deter-
mined from the integral over frequency of the natural log
of the transmittance. Each density is an average of ten
measurements.

Figures 7 and 8 show the results of the metastable den-
sity measurements. The density maps have an uncertain-
ty of ~209% in the center of the discharge rising to
~ 30% near the electrodes.

VI. METASTABLE TRANSPORT AND KINETICS

The metastable maps of Sec. V are analyzed in this sec-
tion. The transport and kinetics of 2'S and 2 'S metasta-
bles in the discharge are modeled using a pair of balance
equations which are coupled differential equations,

-

oM, v e
D, —5 -BM;-BUM, —yMN —knM +P =0,
(14)
0-M, s
D,'a = =M MM, +xn M +P, =0, (15)
22

where M, is the metastable density, N is the density of
ground-state atoms, n, is the density of low-energy elec-
trons, D is the diffusion coefficient, P is the production
rate per unit volume, y is the rate constant for singlet
metastable destruction due to collisions with ground-state
atoms, [ is the rate constant for destruction of metasta-
bles due to metastable-metastable collisions, « is the
effective rate constant for destruction of singlet metasta-
bles due to low-energy electron collisions, and s and ¢ sub-
scripts indicate singlet and triplet metastables, respective-
ly. The first three terms in each equation are loss terms
arising from diffusion and collisions between metastables.
There is an additional loss term in the singlet equation
due to collisions with ground-state He atoms. The
marked suppression of singlet metastables in the negative
glow is due to low-energy electron collisions, i.e. the reac-
tions

He(2'S)+e —He(2'S)+e™ +0.79 eV, (16a)
—Hel2'P)+e~ —0.60 eV . (16b)
These reactions both have large cross sections. Exo-

thermic reaction {16a) is a spin exchange, s-wave process
with a large cross section for low-energy electrons. En-
dothermic reaction (16b) corresponds to a very strong op-
tically allowed transition; it has a large cross section
peaking at electron energies roughly three times thresh-
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old energy. Reaction (16a) dominates the 2 'S quenching,
because (16b) must compete with the 2'P —2 'S radiative
decay. The metastablc spin conversion reaction (16a) is
included as the fifth loss term in the singlet equation and
a corresponding gain in the triplet equation.

Low-energy electrons are confined to the negative-glow
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region due to the high fields in the cathode-fall region.
The spatial dependence of the low-energy electron densi-
ty n, is therefore that of a step function; it is zero in the
cathode-fall region, rising sharply at the negative-glow
boundary to some constant value. The spatial depen-
dence of the production terms is assumed to be a funda-
mental diffusion mode except at the highest and lowest
currents where the fundamental mode is skewed slightly
to maintain the peak at the cathode-fall-negative-glow
boundary. The assumption that the production peaks at
the boundary is borne out by Monte Carlo simulations
discussed later in this paper. Values for DN, y, and 3 are
taken from Phelps.?’ The temperature dependence of D
is taken from Buckingham and Dalgarno,* that of y is
taken from Allison, Browne, and Dalgarno.*!

The key quantities which are determined in this model-
ing are the integrated production rates, fPsdz and
fP,a’z, and the product of the rate constant for metasta-
ble spin conversion with the low-energy electron density,
kn,. Values for these key quantities are assumed, the
coupled equations are solved for M (z) and M,(z), and a
comparison is made to the empirical metastable density
maps. Diffusion modes up to tenth order are included in
the solutions because of the spatial asymmetry intro-
duced by metastable spin conversion. After the compar-
ison with the empirical metastable maps, the values for
fPs.dz, fP,dz, and «n, are adjusted and the processes
iterated until a good fit to the empirical metastable maps
is achieved. The value for kn, determined in this fashion
should be considered an effective rate of metastable spin
conversion because it must be modified to include the re-
verse reaction. The reverse reaction is not negligible if
the relative singlet versus triplet metastable density ap-
proaches thermal equilibrium with the low-energy elec-
tron gas in the negative glow.

Figures 9 and 10 show both the measured and calculat-
ed 2'S and 2°S densities, respectively, for one of the
current densities. Table II summarizes for all current
densities the parameters used in the model such as D,
D,, v, and B and the key quantities [ P.dz, [ P,dz, and
kn,. The dimensionless ratios

e [Pdz/(Jp—J%), e[ Pdz/Uy—J%),

where Jp -J°+ is the empirical electron current density at
the cathode, are of particular interest. These dimension-
less ratios are the average number of singlet and triplet
metastables produced per (net) electron emitted from the
cathode.

VII. MONTE CARLO SIMULATIONS

Monte Carlo simulations are used in this work to study
electron avalanches in the cathode-fall and negative-glow
regions. There is no need for Monte Carlo simulations of
ion transport in the cathode-fall region because we have
the exact analytic solutions to the Boltzmann equation
for ions as presented in Sec. I[V. The Monte Carlo simu-
lations are used to determine the number of ions and
metastable atoms produced per (net) electron emitted
from the cathode. The number of ions produced in the
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FIG. 9. Helium 2'S metastable density for J,=1.18

mA/cm*. The points are the experimental data and the dashed
curve s the calculated fit to the data.

cathode-fall region per emitted electron is directly com-
parable to the empirical current balance of Sec. IV. The
number of metastables produced is comparable to the re-
sults of Sec. VI.

The Monte Carlo simulations include the empirical
field distributions and gas densities for the cathode-fall
region as given in Sec. III. A uniform field of 1.0 or 10.0
V/cm is assumed for the negative-glow region. We be-
lieve that there is actually a reversal of the field direction
at the boundary between the cathode-fall and negative-
glow regions. The reversal would produce a potential-
energy well which holds the low-energy electron gas of
the negative glow. The reversal would also result in a
backdiffusion for drift) toward the anode of ions pro-
duced in the negative glow. Unfortunately it is difficult
to include a field reversal in the Monte Carlo simulations.
However, the actual magnitude and direction of the weak
field in the negative-glow region has very little effect on
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FIG. 10. Helium 2'S metastable density for J,=1.18
mA/cm®. The points are the experimental data and the dashed
curve is the calculated fit to the data.
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excitation and ionization in the negative glow which is
produced by high-energy beam electrons from the
cathode-fall region,

The Monte Carlo simulations are three dimensional in
the sense that they include angular scattering, but they
do not include edge effects due to fringing of the
discharge. One-dimensional infinite plane parallel
geometry is assumed. Null collision techniques eliminate
most of the time-consuming numerical integration in
Monte Carlo simulations. The null collision technique
used in this investigation was developed by Boeuf and
Marode for nonuniform fields.!” An interested reader
will find more detail on the Monte Carlo technique in
Ref. 17. The simulations include anisotropic elastic
scattering, excitation to 22 levels, direct ionization, and
other less important processes.

Total and differential elastic scattering cross sections
are taken from the calculations of LaBahn and Calla-
way.? The analytic expressions given by Alkhazov for
excitation cross sections are used in the simulations.®
Excitation of n=2 to 5 singlet and triplet s and p levels is
included in the simulation. Excitation of the n=3 to 5
singlet and triplet d levels is also included. Although
some experimental or theoretical information on
differential excitation cross sections for electrons on He is
available, it is rather limited. Thus we use an isotropic
scattering approximation for excitation.

A fraction of the atoms excited to the 3p levels and
above are associatively ionized. An accurate determina-
tion of the fraction requires accurate associative ioniza-
tion cross sections, cross sections for excitation transfer
due to ground-state atom collisions, and radiative decay
rates. On the basis of what information is available we
estimate that 25% of the atoms in the 3p levels and above
are associatively ionized at 3.5 Torr.?*3® The electrons
released in associative ionization contribute to the
avalanche; they are assumed to have an initial kinetic en-
ergy of 1.0 eV and an isotropic angular distribution. The
remaining 75% of the atoms excited to the 3p and higher
triplet levels, and all of the atoms excited to the 335 and
23P levels are assumed to radiate to the 23S metastable
level. This cascade contribution is combined with direct
excitation of the 23S level to determine the total produc-
tion rate for 23S metastables. The total production rate
for 2 'S metastables includes dircct excitation and a cas-
cade contribution of 19% of the excitation to the 3p and
higher singlet levels. The total production rate for the
2'P resonant level includes direct excitation and a cas-
cade contribution of all of the 3 'S excitation and 56% of
the excitation to the 3p and higher singlet levels. These
assumptions are based on a significant ! mixing of 3p and
higher level populations due to collision with ground-
state atoms.

In a vacuum nearly all of the atoms excited to the 2 'P
resonant level decay to the ground state via vuv emission.
Radiation trapping reduces the effective decay rate to
1.3 % 10° sec~!, which is comparable to the vacuum decay
rate of 1.98%10°% sec™' for the 2'P—2'S infrared
branch at 2 um.*® However, the 2'P—52'S branch is
also trapped in the cathode-fall region of our discharge
experiments, thus we do not include any of the 2 'P exci-
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TABLE 1I. Summary for all current densities of parameters used in the model as well as the key

quantities fP\a':. fP,a'z. and  «n,.

The dimensioniess ratios efP\dz/(J,)—J“_) and

ufP,dz /tJp—J" ) are the average number of singlet and triplet metastables produced per (net) elec-

tron emitted from the cathode.

Jp {mA/cm?)

0.190 0.519 0.846 1.18 1.50
N (10 ¢m %) 11.2 10.8 10.3 9.48 8.01
D, (cm*/sec) 127 140 152 173 236
D, lem?/sec) 136 150 163 185 253
y (10" " cm?/sec) 6.0 6.5 6.9 7.8 9.9
B (10 cm¥/sec) 35 35 35 35 35
[ Pdz 10" cm sec ') 0.454 0.664 0.830 1.0 1.38
[ Pdz (10" em Ysec™!) 0.711 1.86 2.77 3.56 4.34
e[Pdz/J,—J") 1.73 0.824 0.648 0.680 0.566
efP,dz/(J,,—J”, ) 2.71 2.31 2.16 2.31 1.78
kn, (10* sec N 1.5 8.5 7.0 5.5 30

tation in calculating a total production rate for 2 'S meta-
stables. This approximation is not completely satisfacto-
ry because the 2 'P —2 'S branch is not highly trapped in
the negative glow where the 2 'S density is suppressed by
low-energy electron collision. The 2!P level is feeding
population to the 2 'S level through a collisional-radiative
coupling, and the 2'S level is feeding population to the
2°S through a collisional coupling. The net result is that
the Monte Carlo simulation produces a metastable pro-
duction rate which is somewhat lower than the empirical
rate.

The analytic expression by Alkhazov for the total ion-
ization cross section is used in the simulation.** We also
use Alkhazov's analytic expression for the differential
cross section with respect to energy.*’ Simulations are
performed using two different angular distributions for
ionizing collisions.

The first simulations assumed isotropic angular distri-
butions for both outgoing electrons in an ionizing col-
lision. Some of the results based on the isotropic angular
distribution or ionizing collisions were presented in a re-
cent Letter.* The first simulations predicted a current
balance in good agreement with experiment in a near-
normal cathode-fall region, but predicted too much ion-
ization in a highly abnormal cathode-fall region. The
E/N reaches 3000 Td (townsend) in the abnormal
cathode-fall region, thus the inelastic processes are result-
ing in forward peaked angular scattering distributions.
Numerical solutions of the Boltzmann equation for elec-
trons have traditionally assumed isotropic angular distri-
butions for inelastic collisions. Recent work by Phelps
and Pitchford explores the effect of anisotropic inelastic
scattering at very high E /N in N,. %

Our second simulations use the assumptions used by
Boeuf and Marode: (1) the incident, scattered, and eject-
ed electron velocities are coplanar, and (2) the scattered
and ejected electron velocities are perpendicular with
zero net transverse momentum.'’ The justification for
these assumptions is not strong, but it does represent a
reasonable attempt to introduce anisotropic scattering in
ionizing collisions.

The details of the electron interactions with the
cathode and anode must be specified. The kinetic energy
of electrons emitted from the cathode is assumed to be
5.0 eV and they are assumed to have a random angular
distribution in the forward direction. The use of a more
realistic energy distribution for electrons emitted at the
cathode does not affect ionization or excitation in the
Monte Carlo simulations. Some electrons are reflected
back to the cathode by elastic scattering from He atoms
before they suffer an inelastic collision. Electrons do not
have sufficient total energy to reach the cathode after an
inelastic collision. The percentage of the gross electron
emission which is backscattered to the cathode varies
from 19% at the lowest current density (a near-normal
cathode fall) to 3.6% at the highest current density (a
highly abnormal cathode fall). All Monte Carlo results
are presented in terms of net electron emission from the
cathode. The Monte Carlo simulation assumes no
reflection from the anode; each electron is absorbed im-
mediately when it reaches the anode. This approxima-
tion will cause the Monte Carlo simulation to predict ex-
citation and ionization rates in the negative glow which
are lower than those in experiment. The discordance is
significant only in the case of the highly abnormal glow
discharge at 1.50 mA/cm?.

Figure 11 includes Monte Carlo histograms giving the
number of ionization and excitation events per (net) elec-
tron emitted from the cathode as a function of distance
from the cathode. The results of Fig. 11 are based on the
anisotropic angular distribution for ionizing collisions.
These histograms are for field distributions and gas densi-
ties corresponding to 0.519 mA/cm?. The spatial depen-
dences of the ionization and excitation rates are all de-
scribed by a roughly symmetric function which peaks
near the cathode-fall-negative-glow boundary. The
simulations show that the beam electrons in He penetrate
beyond the cathode-fall-negative-glow boundary by a
distance comparable to d,, the thickness of the high-field
cathode-fall region. The penetration distance will scale
as the inverse of the gas density in a fashion similar to d..
The 23S metastable excitation has the most asymmetric
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FIG. 11. Monte Carlo histograms showing the number of (a)
iomization events and (b} excitation events per (net) electron cui-
itted from the cathode as a function of disiance from the
cathode. The histogram for total excitation is subdivided into
2'S, 2°S, and 2'P excitation. The histogram for total ioniza-
tion is subdivided into associative and direct ionization.

spatial dependence; it is stronger in the negative-glow
than in the cathode-fall region. This is explained by the
sharp peak just above threshold in the energy dependence
of triplet excitation cross sections. The asymmetry in the
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empirical maps of the 2 S metastable density is due in
part to the spatial dependence of triplet excitation. The
spatial dependences of excitation and ionization at other
discharge current densities are similar. The results of
Monte Carlo simulations for all five current densities are
presented in Tables II1 and IV. The Table III resulits are
based on the isotropic angular distribution for ionizing
collisions, and those of Table IV are based on the aniso-
tropic angular distribution for ionizing collisions.

The absolute accuracy of the Monte Carlo simulations
must be estimated in order to compare the simulations to
experiment. Statistical uncertainty is not large because
several thousand complete avalanches were simulated for
each of the five discharge currents. Alkhazov’s analytic
expressions for the He cross sections are based on
theoretical and experimental work by many groups.* He
estimates that the uncertainty is £25% at low energy,
and 5% at high energy where a Born approximation is
reliable. We believe his uncertainties are reasonable and
we estimate that the Monte Carlo results have an uncer-
tainty of +25%.

VIII. COMPARISON OF EXPERIMENTAL RESULTS
AND MONTE CARLO SIMULATIONS

The first comparison of experimental results to Monte
Carlo simulations involves the current balance at the
cathode. This dimensionless quantity is the ratio of ion
to electron current at the cathode. Figure 12 is a plot of
the ratio versus total discharge current density. The ex-
perimental measurements are points with uncertainties
which are discussed in Sec. IV. The dashed line is the
same ratio determined from Monte Carlo simulations us-
ing the isotropic angular distribution for ionizing col-
lisions. The calculations represented by the dashed line
were included in a recent Letter.** The solid line is the
ratio as determined from Monte Carlo simulations using
the anisotropic angular distribution for ionizing col-
lisions. All Monte Carlo simulations include the same
anisotropic elastic scattering. Clearly the assumption of
isotropic inelastic scattering is beginning to fail in the
highly abnormal cathode-fall region where E /N reaches
3000 Td.

TABLE III. Results of Monte Carlo simulations of electron avalanches based on the isotropic angu-
lar distribution for ionizing collisions. All results are per (net) electron emitted from the cathode. The
ionization in the cathode-fall region includes direct plus associative ionization occurring between the
surface of the cathode and a distance d, from the cathode. Other quantities include all events between

the cathode and dnode

0.519

0.190
E’ (kV/Lm) 0.897
d(. (cm) 0.382
N (10% em 1.2 10.8
2'S production 0.88
2'S production 2.05
2'P production 3.06
Associative ionization 0.36
Direct i1onization 4.70
fonization in the 3.89

cathode fall regmn L

1.426
0.301

D (mA/cmZ )

0.846 1.18 1.50

1.870 2.395 3.017

0.282 0.300 0.39¢
10.3 9.48 8.01

0.88 0.99 1.06 0.96
1.92 2.04 2.04 1.62
3.37 3.91 4.50 4.51
0.38 0.42 0.47 0.49
5.98 7.31 9.02 9.84
n 4.06 4.52 5T
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TABLE IV. Results of Monte Carlo simulations of electron avalanches based on the anisotropic an-
gular distribution for ionizing collisions. The quantity (T, ) is the average kinetic energy of electrons

hitting the anode. Other quantities are per (net) electron emitted from the cathode.

Jp (mA/cm?)

0.190 0.519 0.846 1.18 1.50
E" (kV/em) 0.897 1.426 1.870 2.395 3.017
d {cm) 0.382 0.301 0.282 0.300 0.396
N (10" em ) 11.2 10.8 10.3 9.43 8.01
2'S production 0.77 0.75 0.75 0.74 0.53
2°'S production 1.79 1.58 1.52 1.40 0.83
2'P production 2.82 2.98 314 3.28 2.51
Assoclative ionization 0.29 0.31 0.32 0.34 0.25
Direct ionization 4.37 5.37 6.13 6.88 5.86
(I, V) 14.0 16.7 218 36.5 106.5
lonization in the 3.40 3.10 2.97 311 3.24

cathode-fall region

The current balance from the Monte Carlo simulations
includes direct electron-impact ionization and associative
ionization due to collisions between highly excited and
ground-state He atoms. Ionization from collisions be-
tween pairs of metastable atoms is not included, but it is
a small { < 109 ) contribution to the current balance from
the Monte Carlo simulations.

The key issue in interpreting the Monte Carlo results is
whether or not one should include any of the ionization
produced in the negative glow when computing the ratio
of the ion to electron current at the cathode. We main-
tained in a recent Letter, and we continue to maintain,
that essentially none of the ionization produced in the
negative glow contributes to the ion current at the
cathode.® The ratio of the ion to electron current at the
cathode is computed by summing ionization in spatial
bins of a Monte Carlo histogram such as that of Fig. 11.

The sum includes spatial bins from the cathode to a dis-
tance d. from the cathode where the cathode-
fall-negative-glow boundary occurs. The inclusion of
ions produced in the negative glow results in a serious
discordance between the current balance determined
from the Monte Carlo simulations and the empirical
current balance.

The issue of the ion current at the cathode-
fall-negative-glow boundary was already old and
(in)ffamous when Druyvesteyn and Penning wrote their
1940 review.*® They did not take a position on the prob-
lem in their review. Many experimental and theoretical
studies addressed this problem in more recent decades.
Long, for example, has a detailed discussion.” He argues
convincingly for a field reversal in the negative glow, but
does not specify the location of the field reversal. He
does not take a definite position on the ion current at the
cathode-fall—negative-glow boundary. Emeleus devotes
an entire section of his 1981 review to the cathode-
fall-negative-glow boundary or Glimmsaum, as he calls

it.® He also fails to take a definite position on the impor-

s} ] tance of the ion current at the boundary.® The strongest

position was taken by Little and von Engel.*’ Our argu-

~ af . ments, which involve the empirical current balance and

°?° Monte Carlo simulations, are not the same as the argu-

I 3t 1 ments of Little and von Engels. Our position agrees with

P L that of Little and von Engel. The ion current is a negligi-

2 - ble fraction of the discharge current at the cathode-

fall-negative-glow boundary. The loss mechanism need-

1} : ed to balance ion production in the negative glow will be
discussed in Sec. IX.

%_0 4 o5 s 5 + s The current balance, typically 3.3, is lower than we

Jp (MA/cm?)

FIG. 12. Ratio of ion current to electron current at the
cathode surface J° /(J,—J% ) as a function of discharge
current density. The points are the empirically derived values;
the dashed line is the Monte Carlo results assuming the isotro-
pic scattering for ionizing collisions; the solid line is the Monte
Carlo results incorporating the anisotropic scattering for ioniz-
ing collisions.

first expected. It is also surprisingly independent of total
discharge current. The greater electric field and thick-
ness in the cathode-fall region at high current are offset
by a gas density reduction due to heating. The net result
is that on average an electron produces the same amount
of ionization in the cathode-fall region at low and high
discharge currents. A current balance of 3.3 may be typi-
cal of only He.

The second comparison involves the number of meta-
stable atoms produced in the cathode-fall and negative-
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giow regions per (net) electron emitted from the cathode.
The experimental measurements are plotted as points in
Fig. 13. The empirical metastable production in units of
cm “*sec ™! is divided by the empirical electron flux den-
sity at the cathode (J, —J% )/e. The error bars reflect
only uncertainties in the metastable density measure-
ments as discussed in Sec. V. The solid line of Fig. 13 is
the result of Monte Carlo simulations using the aniso-
tropic angular distribution for ionizing collisions. The
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FIG. 13. ta) Helium 2'S production, {b) helium 2 °S produc-
tton, and (c¢) total metastable production as a function of
discharge current density. The production values presented are
spatially integrated production per (net) electron released from
the cathode. The points are empirical results with error bars
reflecting only the uncertainty of the metastable density mea-
surements. The solid lines are Monte Carlo results using the an-
isotropic angular distributions for ionizing collision.
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2'S production plotted in Fig. 13(a) shows excellent
agreement between experiment and the Monte Carlo
simulations except at 0.190 mA/cm?. The discordance in
the near-normal glow discharge at 0.190 mA/cm?® is in
part due to the neglect of the 2'P —2'S cascade contri-
bution in Monte Carlo determinations of 2 'S production.
At low current densities the 2'P —2'S radiation is not
completely trapped. The experimental 2°S production
plotted in Fig. 13(b) is somewhat higher than that pre-
dicted by the Monte Carlo simulations. The total 2'S
and 2°S metastable production plotted in Fig. 13(c) is
also somewhat higher than that predicted by the Monte
Carlo simulations. At least two effects are responsible.
The experimental 2 *S production and the total metasta-
ble production are enhanced by a collisional-radiative
coupling in the negative glow of the 2'P population to
the 2 'S and indirectly to the 23S. Some of the 2'P pro-
duction results in metastable production. The disagree-
ment in the highly abnormal glow discharge of 1.50
mA/cm? is in part due to the assumption of no electron
reflection from the anode. The Monte Carlo results sum-
marized in Table IV show a very high average kinetic en-
ergy (> 100 eV) for electrons hitting the anode in the
highly abnormal glow discharge. Some of these electrons
should be reflected at the anode. The reflection from the
anode will increase excitation and ionization in the nega-
tive glow and improve agreement on metastable produc-
tion between the experiment and Monte Carlo simula-
tions. The reflection will not significantly change the
current balance because few of the reflected electrons will
return to the cathode-fall region and produce ionization.

The agreement, although imperfect, between simula-
tion and experiment on metastable production provides
additional evidence that the current balance of 3.3 is
correct. If most of the ions produced in the negative
glow drifted to the cathode, then the current balance
would be ~6. The resulting lower electron current at the
cathode would change the analysis of the experimental
metastable production per electron. The empirical meta-
stable production per electron would double, and would
be in serious discordance with the Monte Carlo simula-
tions.

Figure 13(c) shows typically three metastable atoms
produced per net electron emitted from the cathode.
This number can be used to estimate the importance of
metastable bombardment in electron emission from a
cold cathode. If 50% of the metastables diffuse back to
the cathode, and if the electron emission coefficient is 0.5,
then the metastables could be responsible for 75% of the
electron emission from the cathode. **

Little and von Engel recognized that neutral particles
were playing an important role in emission from a cold
cathode.*” They mention metastables but emphasize uv
and vuv photons.*’” Recent measurements indicate that
metastables can have electron emission coefficients in ex-
cess of 0.5.* Photoelectron emission coefficients are
rarely as large.

Neutral particles play a major role in electron emission
from a cold cathode. It is for this reason that a current
balance of 3.3 does not imply an emission coefficient of
0.3 for ion bombardment.
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IX. NEGATIVE GLOW

The considerable and detailed experimental and
theoretical information on the He discharge described in
this work enables us to analyze the negative glow. The
negative-glow region starts a distance d. from the
cathode where the cathode-fall field extrapolates to zero.
It extends to the anode in our discharge cell. The separa-
tion of the electrodes was chosen so that no positive
column would form. The negative-glow region is charac-
terized by extremely small electric fields and a high densi-
ty n, of low-energy electrons at temperature T,. These
low-energy electrons are not described in the Monte Car-
lo simulations. Results from the Monte Carlo simula-
tions such as (T, ), the average energy of electrons
striking the anode, are for the high-energy beam elec-
trons. The low-energy electrons are most probably
trapped in a potential-energy well. Monte Carlo simula-
tions are not well suited for describing trapped particles.

The analysis of each empirical singlet metastable map
as described in Sec. VI produced an effective rate «n, for
metastable spin conversion due to low-energy electrons in
the negative glow. This process was discovered by Phelps
and the rate constant «, was measured for room-
temperature (kzT,=0.025 eV) electrons.’ The depen-
dence of this rate constant on electron temperature is
(T,)~'/? because the cross section scales roughly as the
inverse of the electron energy.*’ Although we do not a
priori know the temperature of the low-energy electrons
in the negative glow, it is relatively easy to put some lim-
its on it. Surely the temperature of the low-energy elec-
trons must be greater than gas temperature. An upper
limit on the electron temperature is determined by noting
that the exothermic metastable spin conversion reaction
depletes the singlets, but only until the relative singlet
versus triplet metastable density comes into thermal equi-
librium with the low-energy electron gas. Thus the
empirical ratio M, /M, in the negative glow must be
greater than or equal to

texpt —0.79/kg T, ) .

These limits on 7, and knowledge of xn, determine a
range of possible electron temperatures and a correspond-
ing electron density for each temperature as given by the
expression

kn,=n,[x,, 1V 0.025 eV /k,T,
—(M,/3M, ),/ 0.025 eV /kg T,
xexpl —0.79 eV /kgT,)] . (n

This expression is represented by the thick solid lines of
Fig. 14. The lower limit for the electron temperature
provides a lower limit for the electron density of 2 10!
cm ? at intermediate current densities.

Any electron temperature and density consistent with
the suppression of the singlet metastables correspond to a
short, ~3x 10~ * cm, Debye length for the negative glow.
The Debye length is an electrostatic shielding length for
the negative glow. A short Debye length indicates a very
abrupt transition between the cathode-fall region and the
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FIG. 14. Negative-glow electron density vs electron tempera-
ture for five discharge current densities. The thick line is the re-
lationship from the analysis of the metastable maps. The thin
solid line is from the ambipolarlike diffusion of the electron-ion
pairs in the negative glow. The intersection of the two lines
determines the density and temperature of the low-energy elec-
trons in the negative glow.
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negative glow.

The requirement that ion production in the negative
glow be balanced by a loss mechanism provides an addi-
tional constraint on the low-energy electrons. Two loss
mechanisms are possible:  recombination or a
backdiffusion (drift) of ions to the anode. We do observe
He, molecular emission bands from the negative glow.
These bands are conclusive evidence that some recom-
bination occurs. The recombination rate constant for He
is known to be very strongly dependent on the electron
temperature. ™ If the electron temperature is near the
gas temperature, then recombination could be quite im-
portant. Such a low electron temperature in the negative
glow seems unlikely.

We suggest that ions in the negative glow drift to the
anode in a process analogous to ambipolar diffusion. We
note that this mechanism requires a field reversal near the
cathode-fall-negative-glow boundary or the point where
the cathode field extrapolates to zero. If the field reversal
is assumed to be close to the anode then most of the ions
produced in the negative glow would drift across the
cathode-fall-negative-glow boundary. A large ion
current at the boundary causes serious discordances be-
tween experiment and simulation in the current balance
and the metastable production. The analogy to ambipo-
lar diffusion is not perfect because the electron fiux densi-
ty on the anode must be larger than the ion flux density
on the anode by J, /e. The loss rate of low-energy elec-
trons should be approximately

u kyT.(7/2d, ) /e,

where p_ is the low-field ion mobility and d, is the
thickness of the negative glow. The factor of { is due to
the fact that the negative glow is asymmetric; the low-
energy electrons cannot diffuse against the cathode field.
The rate in the negative glow of ionization per unit
volume (P) can be determined from the Monte Carlo
simulations of Table IV. The rate { P) is a spatially aver-
aged quantity

U: b gz l/d“g :

Inclusion of some electron reflection from the anode will
increase { P), but at most by a factor of 2 and only in the
highly abnormal glow discharge at 1.50 mA/cm? This
model provides a second relation between the density »,
and temperature T, of the low-energy electrons in the
negative glow

(PY=nu kyT.\w/2d, /e . (18)

ng

This expression is represented by the thin solid lines of
Fig. 14. The intersection of the thin and thick lines
determines the density and temperature of the low-energy
electrons in the negative glow.

The occurrence of the intersection on the steep portion
of the plots of Eq. (17) is an indication that the metasta-
ble spin conversion reaction (16a) is proceeding to equi-
librium. The relative density of the singlet and triplet
metastable is in Boltzmann equilibrium with the low-
energy, high-density electrons in the negative glow. Un-
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der such conditions the empirical ratio of singlet to trip-
let metastables is providing the temperature of the
negative-glow electrons. The accuracy of this determina-
tion of the electron temperature in the negative glow is
not easy to assess.

The electron temperature (kzT,~0.25 eV) is quite
reasonable, but the density (7, ~10'* cm~3) seems high.
The alternate loss mechanism, recombination, could pro-
duce a lower electron density but only if the electron tem-
perature is much lower. The suppression of the singlet
metastables, which is quite dramatic at intermediate
currents, provides a lower limit for the electron density
(n,>2x10" cm~*) and upper limit for the electron tem-
perature (k; T, <0.3 eV).

X. SUMMARY, CONCLUSIONS, AND FUTURE WORK

Various laser diagnostics are used to study the
cathode-fall and negative-glow regions of a He glow
discharge. The water-cooled Al cathode is operated over
a range of current densities from a near-normal cathode
fall of 173 V to a highly abnormal cathode fall of 600 V.
Optogalvanic detection of Rydberg atoms is used to map
the electric field in the cathode-fall region. The Doppler
width of a transition between non-Rydberg levels is used
to measure the gas temperature. The gas density is
significantly reduced in the abnormal glow discharge due
to ion charge exchange heating. Electric field maps and
gas density measurements are combined with an analytic
treatment of ion transport in the cathode-fall region to
determine the current balance or ratio of ion to electron
current at the cathode. This current balance is 3.3 and is
nearly independent of total discharge current. The densi-
ties of He 2'S and 2°S metastables are mapped using
laser-induced fluorescence and laser absorption spectros-
copy for absolute calibration. An analysis of the metasta-
ble maps provides absolute metastable production rates
in the cathode-fall and negative-glow regions and pro-
vides a constraint on the density and temperature of the
low-energy electrons in the negative glow. The con-
straint arises from our observation of a suppression of the
2!S metastable density in the negative glow. This
suppression is due to metastable spin conversion by low-
energy electron collisions in the negative glow.

The empirical current balance at the cathode surface
and the metastable production rates are compared to
theoretical results from Monte Carlo simulations of elec-
tron avalanches. A Monte Carlo code, based on the null
collision technique for nonuniform fields as developed by
Boeuf and Marode, is used to simulate electron
avalanches. The agreement between the empirical
current balance and the result of Monte Carlo simula-
tions is good. The inclusion of an anisotropic angular
distribution for ionizing collisions results in excellent
agreement, even in the highly abnormal cathode-fall re-
gion where E /N reaches 3000 Td. The agreement be-
tween the empirical metastable production rates and the
results of Monte Carlo simulations is good.

The high density of low-energy electrons in the nega-
tive glow suggests a simple model for the negative glow
and suggests the existence of field reversal at the bound-
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ary between the cathode-fall and negative-glow regions.
The empirical constraint on the density and temperature
of the low-energy electrons in the negative glow is com-
bined with an ionization rate predicted by Moate Carlo
simulations to determine the density and temperature of
the low-energy electrons.

The agreenient of the empirical results and results from
Monte Carlo simulations lead us to conclude that excita-
tion and 1onization, as embodied in the current balance,
are quantitatively understood in the cold cathode He
discharge. The agreement indicates that the vast majori-
ty of ions striking the cathode are produced in the
cathode-fall region. The discharge current is carried al-
most entirely by beam electrons at the cathode-fall
negative-glow boundary.

A quantitative microscopic picture of the cathode-fall
and negative-glow regions is emerging, but major chal-
lenges remain. A major experimental challenge is to
measure the relative importance of, and coefficients for,
electron emission from the cathode due to ion, metastable
atom, and vuv photon bombardment. The measurements
should be done in situ with a relatively nonperturbing
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spectroscopic diagnostic. We believe that the spatial and
temporal characteristics of carefully chosen optogalvanic
effects will provide this information on electron emission.
A convincing and fully self-consistent analysis of the op-
togalvanic effect will likely be difficult. Another experi-
mental challenge is to perform independent measure-
ments of the density and temperature of the low-energy
electrons in the negative-glow region. Again, it should be
possible to make the measurements with a relatively non-
perturbing spectroscopic diagnostic. On the theoretical
side there are many challenges. The ultimate goal is to
develop relatively simple, efficient models which provide
fully self-consistent fields. The models must also have
good microscopic detail and absolute accuracy.
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Electron Temperature and Density Diagnostics in a Helium Glow Discharge
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Two laser-based diagnostics are used to determine the density (n.) and temperature (7,) of low-
energy electrons confined in the negative glow of a dc helium glow discharge. Each diagnostic yields an
independent relation between o, and 7,. From the intersection of these relations we find that
ne=5x10" c¢m ~? and kg7, =0.12 eV for an abnormal cathode fail of 261 V in 3.50-Torr helium.

PACS numbers 2 80 Hc, 52.20.Fs, 52.70.Kz

The negative-glow region of a dc glow discharge is
characterized by a weak electric field and a high density
of charged particles. This plasma is sustained by a low
density of high-energy “beam™ electrons which stream
through the negative glow from the cathode fall region,
causing excitation and ionization. The bulk of the elec-
trons in the negative glow are low energy (< 1.0 eV)
and are held in the negative glow by a weak potential-
energy well.' It is a common method to treat the elec-
tron energy distribution function as the sum of a
Maxwelltan describing the high density of low-energy
electrons and a weak high-energy tail.?

In this Letter we describe a pair of laser-based diag-
nostics which together yield n, and T, for the low-energy
electrons in the negative glow. Each diagnostic provides
an independent relation between n, and T,. The first di-
agnostic, based on the endothermic electron collisional
transfer between low Rydberg levels, yields a relation in
which n, decreases with increasing 7.. The second diag-
nostic, which has been reported previously,' is based on
the spin conversion of helium metastables,

He (2'S)+e " — He (2°S)+e " +0.79¢V. 1)

This diagnostic is based on an exothermic process and
yields a relation in which n, increases with increasing T,.
The intersection of these two relations yields the density
and temperature of the low-energy electrons in the nega-
tive glow.

In the Rydberg-atom experiment a low Rydberg level
is selectively populated with a laser. The electron col-
lisional transfer rate from the level populated with the
laser to a higher-lying Rydberg level is determined by
measuring the ratio of the laser-induced fluorescence
(LIF) signals from the two levels. Although high Ryd-
berg levels do not survive sufficiently long to fluoresce in
a typical discharge, low Rydberg levels do fluoresce.
This rate can be written as the product of n, and a rate
coefficient which depends on T, thus determining a rela-
tionship between n, and T,.

A detailed description of the apparatus appears else-
where.! The discharge used in this study is produced be-
tween flat circular aluminum electrodes 3.2 cm in diame-
ter and separated by 0.62 cm. The electrodes are water

cooled to minimize gas heating. For discharge operation
ultrahigh-purity (0.999999) helium is slowly flowed
through the system. A capacitive manometer monitors
the pressure which is maintained at 3.50 Torr. The mea-
surements reporied in this Letter were made with a
discharge current density of 0.846 mA/cm? correspond-
ing to an abnormal cathode fall of 261 V.

The lasc - used is a pulsed, Na-laser-pumped, narrow-
band (0.2 cm ') dye laser, which is tunable over a
wavelength range 360-700 nm. Frequency-doubling
crystals are used to extend this range so that Rydberg
levels may be excited out of the 2 S metastable level. A
cylindrical lens is used to focus the frequency-doubled
light between the electrodes giving a spatial resolution of
~0.2 mm. Spatial maps are made by translating the
discharge on a precision translation stage.

Laser-induced fluorescence is collected in a direction
mutually perpendicular to both thkg laser axis and the
discharge axis. A lens is used to focus the fluorescence
onto the 0.25-mm slits of a compact (0.2 m) monochro-
mator which is used to isolate the desired fluorescence.
The light is detected with a photomultiplier tube. The
photomultiplier signal is amplified 100x and recorded
with a Transiac 2001S digitizer with a 4100 averaging
memory interfaced with an IBM FC.

Rydberg levels with the same principal quantum num-
ber “n” but different “/” are highly coupled by neutral
collisions at 3.5 Torr. Excitation of the np level is
effectively excitation of the entire » manifold with the
populations of the various orbital angular-momentum
levels being proportional to their degeneracy. The col-
lisional transfer rate between two Rydberg manifolds is
determined by measuring the ratio of their LIF signals
when the lower-lying manifold is populated with the
laser. Three such collisional transfer rates are studied.
When the laser is tuned to the 23S-53P transition,
fluorescence from 5°D-23P and 6 >D- 2 3P transitions is
mapped, yielding the n=5 to 6 collisional transfer rate.
When the laser is tuned to the 23S-63P transition,
fluorescence from the 6°3D-2°P, 73D-23P, and
8 *D-2°P transitions is mapped yielding both the n=6 to
7 and n=6 to 8 collisional transfer rates. Figure 1 shows
a map of the ratio of LIF from n=7 to that from n=6,
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FIG. 1. Ratio of LIF signal from n=7 to that from n=6 vs
distance from the cathode.

when n=6 is populated with the laser. The position at
which the cathode-fall field extrapolates to zero is indi-
cated on the plot by a vertical dashed line. This is the
cathode-fall-negative-glow (CF-NG) boundary. The
enhancement of n=7 fluorescence to the right of this
boundary is due to low-energy electron collisions in the
negative glow.

The short duration (3 nsec) laser pulse produces an in-
itial excess population N,(0) in the manifold having
principal quantum number n. The decay is described by
a single exponential because of the weak coupling be-
tween adjacent manifolds. The decay rate, 7, !, includes
both collisional and radiative processes. Under the same
conditions the population N, (1) of a higher-lying mani-
fold n’ is described by the rate equation

dN,(1)/dt = — N, (t)/1x+ RuyNa (1),

where t, ' is the depopulation rate of the n' manifold
and R, is the rate for collisional transfer from manifold
n to n', including both neutral and electron collisions.
The solution to this equation is

RN, (0)

- (e /m—g ™),
T —1Tp

Ny(t) =

The ratio of time-integrated fluorescence from the n’

TABLE I. Measured guantities 7, and Rgy for the three
collisional transfer processes studied. The last column is the
excitation transfer rate due to low-energy electron collisions in
the negative glow.

Tw’ (RM’)d (RM')!I'— (Rw')d
n—n' (10 ~? sec) (10° sec™") (10°sec™")
5—6 29.1 2.0 35
6—17 308 6.0 11.1
6— 8 339 1.2 4.6

4 T T
6-7,| [~ 5-6 I

&3 1
£
[3]
~ 2t J
=
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0 A Nl

0.0 0.1 0.2 0.3

kBTQ (eV)

FIG. 2. Electron density vs electron temperature for the
low-energy electrons in the negative glow. The three light lines
arise from the Rydberg-atom diagnostic. The bold line arises
from the metastable analysis.

manifold to that from the n» manifold is

Fw _ Awa-2pfNeWdt/ (n')?
where A is a transition probability for a d— 2p transi-
tion and the observed fluorescence transitions are optical-

ly thin. After substituting and carrying out the integrals,
Fy/F, is given by

fn_’ -l 2All'd-lple"tn'
Fn n’zA"d '2p )

This relation expresses the collisional transfer rate in
terms of the measured ratio of fluorescence.

The manifold lifetime t, is measured in situ. This is
done by driving the 23S-n'2P transition with the laser
and collecting n'D-23P fluorescence as described for
the fluorescence mapping. The fluorescence decay is
time resolved using a PAR 162/163 scanning boxcar in-
tegrator and plotted. Table I shows the results of mea-
surements of 7, and the measured R,, for the three
different n— n' excitation transfers being studied. Be-
cause of the spatial asymmetry, the values of R,, are
quoted separately for the cathode fall and for the
difference between the peak negative-glow signal and
cathode fall. The electron density is negligible in the
cathode fall and so (R,,')c is interpreted as the collision-
al transfer rate due to neutral collisions. The neutral
transfer rate will be uniform throughout the discharge
because the neutral density is uniform. The excitation
transfer rate attributable to low-energy electrons in the
negative glow is the difference between the rate in
the negative glow and that in the cathode fall:
(Rnn')ng - (Rnn')cf-

The measured electron collisional transfer rate can be
expressed as the product of a temperuture-dependent
rate coefficient and the electron density n,. We use the
analyticai formula given by Vriens ani Smeets® for the
rate coefficient. The resulting relations between electron
density and temperature are shown as the thin lines in
Fig. 2 for each of the collisional transfer rates measured.
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The metastable-atom diagnostic is carried out under
the same discharge conditions as the Rydberg-atom di-
agnostic. The 2'S and 23S metastable densities are
measured as functions of axial position in the discharge.
The diagnostic is based on the observed suppression of
2 'S metastables in the negative glow due to the metasta-
ble spin conversion reaction of Eq. (1). An analysis of
metastable transport and kinetics in the discharge yields
a net rate for the above reaction. From this rate a
second relation between n, and T, is determined.

The metastable density measurements are made in two
steps: (1) LIF is used to make maps of relative metasta-
ble densities, and (2) absorption measurements are made
to put absolute scales on the density maps. The 2'S
metastables are mapped by driving the 2 'S-3 'P transi-
tion at 501.6 nm with the laser and observing 3'D-2'P
fluorescence at 667.8 nm. The 23S metastables are
mapped by driving the 235-3 3P transition at 388.9 nm
with the laser and observing 33S-23P fluorescence at
706.5 nm. These laser transitions do not require fre-
quency doubling. The collimated laser is incident on a
0.25-mm slit which is imaged 1:1 into the discharge.
Fluorescence collection and signal processing is much the
same as for the Rydberg-atom experiment with the sub-
stitution of interference filters for the monochromator as
a spectral filter.

The laser absorption measurements, needed for deter-
mining an absolute scale for the density maps, are made
using the same laser transitions as the LIF measure-
ments. The laser bandwidth is reduced to 500 MHz by
introduction of an etalon. Absorption measurements are
made at the peak of the spatial profile with 0.50-mm
resolution. Saturation of the transition is avoided by re-
ducing the laser power with neutral density filters. The
transmitted laser intensity is monitored with a photo-
diode detector. The photodiode signal is processed with
a boxcar averager and plotted on a strip-chart recorder
as the laser frequency is scanned through the transition.
Metastable densities are determined from the integral
over frequency of the natural log of the transmittance.
Ten absorption measurements are averaged to determine
each density. The results of the metastable density mea-
surements are shown as points in Fig. 3.

The metastable maps are analyzed to determine the
net rate of metastable spin conversion. The transport
and kinetics of 2 'S and 2 °S metastables in the discharge
are modeled using a pair of balance equations which are
coupled differential equations,

M
D‘Tzi ~BM?—BM.M, — yM,N —xn.M,+P, =0,
z
M
D~ = —BM/} —BM.M,+xn. M, +P, =0,
z

where M, , is the metastable density, NV is the density of
ground-state atoms, 7, is the density of low-energy elec-
trons, D is the diffusion coefficient, P is the production
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FIG. 3. 2'S and 23S metastable densities vs distance from
the cathode. The points are experimental measurements. The
dashed curves are calculated densities using the fitting process
described in the text.

rate per unit volume, y is the rate constant for singlet
metastable destruction due to collisions with ground-
state atoms, B is the rate constant for the destruction of
metastables due to metastable-metastable collisions, « is
the rate constant for net destruction of singlet metasta-
bles due to low-energy electron collisions, and s and ¢
subscripts indicate singlet and triplet metastables, respec-
tively.! The first three loss terms in each equation are
loss terms arising from diffusion and collisions between
metastables. There is an additional loss term in the sing-
let equation arising from collisions with ground-state
atoms. The fifth loss term in the singlet equation is due
to the metastable spin conversion reaction (1) and a cor-
responding gain term is included in the triplet equation.
Values of DN, 7, and B are taken from Phelps.* The
temperature dependence of D is taken from Buckingham
and Dalgarno® and that of y is taken from Allision,
Browne, and Dalgarno.®

The coupled equations are solved numerically for
M,(z) and M,(z) and compared with the experimental
results. In the calculation the spatial dependence of n, is
assumed to be a step function: zero in the cathode fall
and uniform in the negative glow. The spatial depen-
dence of the production terms is determined in Monte
Carlo simulations to approximate a fundamental dif-
fusion mode. Diffusion modes up to tenth order are in-
cluded in the solutions to describe the spatial asymmetry
of the 2'S metastables. The values of P;, P, and «xn,
are varied until a good fit to the experimental metastable
maps is obtained. The dashed curves of Fig. 3 are the
calculated metastable densities determined in this
mannlcr. By this method, xn. is found to be 7.0x10*
sec .
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The rate constant x», for metastable spin conversion by room-temperature electrons was measured by Phelps. The
temperature dependence of the rate constant is (T,) ~'/2 because the cross section scales as the inverse of the electron
energy.” The xn, determined from the metastable analysis must be considered an effective rate for metastable spin con-
version since it accounts for both forward and reverse contributions of reaction (1). Setting xn, equal to the expression

for the forward rate minus the reverse rate we obtain

kne =n, [k, (0.025 eV/kaTe) 2 — (M,/3M, )k (0.025 eV/kpT.) 2exp(—0.79 eV/kp T, )] .

This expression yields a second relation between n, and
T, which is shown as the bold line in Fig. 2. The inter-
section of the two relations yields n, =5x%10'" ¢cm ~* and
kgT.=0.12 eV for the electrons in the negative glow of
a 261-V, 0.846-mA/cm? discharge in 3.50-Torr helium.

The uncertainty in the metastable-atom diagnostic is
due mainly to neglect of the 2'P-2'S collisional-
radiative coupling in the negative glow. Including this
rather complex coupling could shift the curve from the
metastable experiment to higher electron density, but
this effect will be no greater than a factor of 2.'® As-
suming a factor of 2 uncertainty in the electron-Ryd-
berg-atom rate coefficient also, then n, will be between
4x10'" and 1x10'? cm ™2, and kg7, will be between
0.07 and 0.16 eV. There are good prospects for im-
proved knowledge of such rate coefficients.

Although the diagnostic based on the metastables may
have limited applicability, it does have the distinct ad-
vantage tha: only electron collisions can couple the sing-
let and triplet HHe metastables. The Rydberg-atom diag-
nostic is broadly applicable since all atoms have Rydberg
levels, and the level spacing may be chosen appropriately
for the electron temperature of interest. Both laser-
based diagnostics are noninvasive diagnostics and can

provide good spatial and temporal resolution. They
should be very useful in studying the structure of glow-
discharge sheaths.
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Self-consistent kinetic model of the cathode fall of a glow discharge
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The electrons in the cathode-fall (CF) region of a helium dc glow discharge have been modeled at
the kinetic level with a self-consistent electric field using a “convective-scheme” (CS) (propagaior or
Green’s-function) solution method. The CS is both straightforward to implement and numerically
efficient. CS electron calculations using one spatial and two velocity variables are shown to match
Monte Carlo simulations of swarms in uniform E/N and in the CF. The CS predictions are also
shown to match experimental swarm results. A self-consistent CF solution is obtained through a
slow relaxation of the electric field to that indicated by Poisson’s equation. The electric field
configuration as predicted by the CS agrees well with optogalvanic measurements. The discussion
emphasizes both the physical nature of, and the difficulties associated with, a self-consistent-field

calculation.

I. INTRODUCTION

Interest in modeling glow-discharge properties has in-
creased with the application of glow discharges to plasma
processing. Understanding of the cathode fall (CF) is
crucial to a global understanding of the discharge, as this
region largely determines the stability of the discharge
and the details of many plasma processes.

Efforts to model the CF are hampered by the lack of
hydrodynamic equilibrium in the region due to the rela-
tively strong electric field gradients and the presence of
the cathode, which both absorbs and emits particles.
Nonhydrodynamic conditions call into question the use
of ionization and diffusion coefficients,! which are - ea-
sured in swarm experiments at very low current densities
and in spatially invariant electric fields. The absolute
electron number density scales out of the solution when
an a priori electric field is imposed and the behavior of
other charged species is ignored, as is done in many
Monte Carlo simulations. In contrast, a fully kinetic
solution of the electron behavior in the cathode-fall re-
gion eliminates the use of empirical coefficients, and a
self-consistent-field calculation couples the behavior of all
charged species into the problem through Poisson’s equa-
tion.

An overall approach to a self-consistent model of the
CF region has been described in a previous paper.’
There, a simple distribution function was assumed, and
two moment equations, together with Poisson’s equation,
were integrated to demonstrate the validity of the pro-
posed framework. This work implements a kinetic
description of the electrons within a similar framework.
The kinetic description is based on the convective scheme
(CS), which is introduced to gaseous electronics in this
paper.

This paper will begin with a brief discussion of several
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methods that have been used to model weakly ionized
plasmas. In this way the CS will be couched in terms of
more familiar approaches. The strengths and weaknesses
of these methods will be discussed, as well as the similari-
ties and differences between these approaches and the CS.
The formal CS solution will then be presented in Sec. III.
This section has a brief calculation to illustrate the gain
in efficiency of the CS over an explicit finite difference
calculation and presents a useful near-steady-state ap-
proximation. Section IV will then step through the
essentials of a simplified CS example in two dimensions.
This model is presented for pedagogical purposes, but
would also be a most realistic model of ion transport
when charge exchange collisions dominate. This is fol-
lowed by a detailed description of a more sophisticated
CS implementation in three independent variables, a
model appropriate for the electrons in the CF of a helium
dc glow discharge. A swarm in uniform E /N and a CF
calculation using fixed electric field configurations will
then be presented and compared with Monte Carlo simu-
lations and experimental results. Finally, a CF calcula-
tion with a self-consistent electric field will be presented
and discussed in Sec. VI. Factors influencing the accura-
cy of the predicted electric field configuration will be dis-
cussed, along with some of the obstacles that must be
overcome to allow a realistic negative glow (NG) model
and a self-consistent electrode-to-electrode calculation.

II. RELATED SOLUTION TECHNIQUES

The “convective scheme” (CS) presented here, which is
based on a propagator or Green's-function method, com-
bines aspects of a variety of techniques which have been
applied to the CF problem. Details of the techniques
relevant to the CS, along with recent or notable illustra-

6356 ©1989 The American Physical Society




39 SELF-CONSISTENT KINETIC MODEL OF THE CATHODE . ..

tive published work, will now be discussed.

Fluid equations have been used extensively to model
the cathode fall.>* Three coupled differential equations
are generated from the zero, first, and sccond velocity
moments of Boltzmann's equation. No form of the distri-
bution function is assumed; the first three moments of the
distribution function are proportional to the number,
momentum, and energy densities, respectively. However,
fluid equations will not distinguish between various distri-
bution functions as long as they have identical zero, first,
and second moments. Fluid approaches can produce
reasonable results, but errors associated with this approx-
imation are difficult to estimate.

In a related approach which is computationally similar
to fluid equations, a distribution function with n free pa-
rameters is assumed and substituted into Boltzmann’s
equation. The first n velocity moments of Boltzmann’s
equation are integrated to obtain n coupled differential
equations.” The authors used this technique to illustrate
an overall method of tackling the CF.2

Segur and Keller® have manipulated Boltzmann’s equa-
tion into a purely integral form and solved a CF problem
with an imposed electric field. The method involves
finding a matrix of “probability coefficients” for every
electric field of interest and yielded results consistent with
Boeuf and Marode’s Monte Carlo results in the case of
isotropic scattering.”®

The method of explicit finite differences has been
directly applied to Boltzmann’s equation. The method
has been used by Kitamori et al. to study relaxation
properties of spatially invariant problems.” Time evolu-
tion information is available, as the calculation is iterated
in time until a steady-state solution is found. The method
is numerically intensive because of a stringent limit on
the time step, the Courant-Friedrichs-Lewy (CFL) cri-
terion.!© The time step must be small enough that no
particles in the calculation cross more than a single mesh
in a time step At. The limit is numerical (depending upon
the nature of the imposed numerical mesh) rather than
physical (limited by some physical process), though the
choice of mesh size was presumably based on physical
grounds.

In principle, an explicit finite difference calculation
could integrate the spatial coordinate z away from a point
where the velocity distribution is known, rather than
iterating in the time variable. This would reduce the
number of variables in a CF calculation by one. Finding
such a point is problematic, and any changes to the elec-
tric field (such as occur during iteration to a self-
consistent field) would require a recalculation of the en-
tire distribution function for all z. An implicit finite
difference calculation would not he restricted by the CFL
constraint, but such a scheme relies heavily on the
efficiency of solving tridiagonal matrix equations. Unfor-
tunately, the collisions in the kinetic problem imply that
the matrices are not tridiagonal, and much of the compu-
tational efficiency is lost.

Hybrids of these methods have been used extensively.
A common hybrid is the expansion of the angular part of
the distribution function of / Legendre polynomials to ob-
tain ! coupled differential equations.'’''? The number of
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independent variables in Boltzmann’s equation is thereby
reduced at the expense of increasing the number of equa-
tions.

Monte Carlo simulations have been used to describe
the electron behavior in the CF.”!*!* These simulations
exactly track the kinetics of the sampled electrons, but
self-consistent calculations demand good number density
statistics at all spatial locations in the discharge. State-
of-the-art Monte Carlo calculations’ track each individu-
al electron avalanche until the electrons hit an electrode,
so no information is available on the time evolution of the
discharge, and any adjustments of the electric field re-
quire a complete recalculation of the distribution. How-
ever, where the steady-state solution is important and
good electric field and cross-section data are available,
Monte Carlo simulations can generate results in excellent
agreement with experiment. '3

The CS to be prescnted here produces a distribution
function which is a solution of the appropriate kinetic
equation.!®* The CS is perhaps closest in spirit to
particle-in-cell simulations, but no random numbers are
needed. When the CS is used with small time steps, the
CS is mathematically identical to the method of finite
differences'® (specifically, a donor cell or “up-streaming”
method). Its implementation is very physical and intui-
tive, similar to a Monte Carlo scheme. It is a fully kinetic
solution and therefore free of the errors that hamper fluid
calculations and approaches that involve the assumption
of a parametrized form of the distribution function. Un-
like explicit finite differences, CS time steps are not re-
stricted by the Courant-Friedrichs-Lewy criterion, but
rather by the nature of the collisions. Specifically, the CS
time step must be less than the smallest collision time in
the energy range of interest. As implemented, the CS as-
sumes no particles have undergone more than one col-
lision during a time step, so inaccuracy arises once a time
step becomes a large fraction of an average collision time
{(and a non-negligible fraction of particles have in reality
undergone more than one collision during the time step).

III. CONVECTIVE SCHEME

A general description of the CS method for systems of
rate equations is given by Adams and Hitchon'’ and for
kinetic equations by Hitchon et al.'® The details of a
particle mover for one space and one velocity variable are
covered in Ref. 16. This paper will emphasize the gen-
eralizations necessary for a CF calculation—an addition-
al velocity coordinate, a non-Cartesian phase space, a de-
tailed treatment of the important electron-atom collision
processes, and convergence to a self-consistent solution.
This section outlines the formal CS solution, demon-
strates the efficiency of the CS relative to finite difference
calculations, and presents a near-steady-state approxima-
tion that simplifies scattering calculations.

A. Formal solution

Formally, the CS requires the determination of the
fraction p of particles in a cell of phase space at (r',v"")
that move to a new cell of phase space at (r',v') after a
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FIG. 1. Illustration of the ion convective scheme. Problem is
one dimensional with two phase-space variables z and v,. Force
(electric field) is assumed constant. Scattering shown is analo-
gous to resonant ion charge exchange; particles completely stop
after a collision. Note that the mesh straddles the v, =0 axis to
avoid possible singularities.

time At —the Green’s function. (For consistency, doubly
primed variables will always denote values before a move-
ment or collision, and singly primed variables will label
the values after the same.) Once this probability is
known for all (r”,v"") and (r’,v’), the distribution of par-
ticles f at an advanced time ¢+ At may be determined
given the distribution at time ¢,

f(r’,v',t+At)=fdr”dv”p(r’,v’;r”,v”;At)
X fle', vt} . (n

When implemented on a numerical mesh, the integral be-
comes a sum over all cells of phase space in the mesh.

The task of evaluating p may seem daunting until it is
realized that only two mechanisms can remove particles
from a particular cell of phase space in the kinetic prob-
lem.

(i) Unscattered particles in a cell will move along
characteristic trajectories specified by the initial position
r'’ and velocity v'' associated with the cell, the electric
field E along the trajectory, and the time step Ar.

(i1) Scattered particles will “jump” from the initial cell
(r’’,v’") to a new cell at the same spatial location (r'=r"’)
but with a new velocity v’ defined by the nature of the
collision.

These two processes are illustrated for a phase space
with one spatial and one velocity coordinate in Fig. 1,
which will be described in more detail in Sec. I'V.

B. Time step

The two particle-moving mechanisms outlined in Sec.
IITA can be implemented independently of each other
provided that the distribution function changes on a time
scale much Jonger than the time step and provided that
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no particle undergoes more than one collision per time
step. The latter condition can be approximately enforced
by limiting the time step A¢ so that the fraction of parti-
cles that undergo two collisions in a time step is negligi-
ble,

[Nop(wwAt << (2)

for every speed v of interest. The left-hand side of Eq. (2)
is proportional to the error of the CS, but the full CS er-
ror is further reduced to the extent that scattering into a
cell replaces scattering out of the cell.

The advantage of the CS over its finite difference
cousin can then be seen by examining Fig. 2. Here, the
mean collision time is plotted versus impact energy for
electrons in the background gas of interest here (helium)
at a density of N=11.2x10'" cm~>. The important
feature of Fig. 2 is that the collision time minimizes at
some energy (here around 80 eV) and then generally in-
creases with increasing impact energy. This minimum
governs the allowable CS time step; here we choose a
time step of At <<0.12 ns consistent with the energies of
a normal helium CF (up to 140 eV) and the neutral num-
ber density of interest. This CS time step does not
change, even if electrons of very high energy are con-
sidered.

Contrast this time step limit with the Courant-
Friedrichs-Lewy (CFL) criterion'® that governs explicit
finite difference methods: No particles may cross more
than one cell in a time step. The limit applies to all in-
dependent variables in the problem; for a spatial variable
x, even the fastest particles may not move more than the
width of a single spatial cell Ax,

Atcpp <AX /v,y - (3)

In a kinetic calculation, the spatial grid spacing is
chosen to be at most the order of the minimum mean free
path A: Ax < (1) ={(No1(v)) " '=0.012 cm in this case.
The total scattering cross section in ¢ r(v). With a max-
imum speed of interest v, ~7.0X 10% cm/s, correspond-
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FIG. 2. Mean collision time for electrons in helium at
11.2X 10" ¢m ™ ¥ or 3.16 torr at 273 K. Minimum in the mean
collision time within the energy range of interest governs the
time step of the convective scheme.
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ing to a normal CF potential energy in helium of around
140 V, the limiting time step from Eq. (3) is
AtcpL <0.021 ns. In practice, Atcpp <<0.021 ns unless a
high-order scheme is used. Similar CFL limits exist for
all other independent variables; for instance, the time
step must also be limited to guarantee that no particles
are accelerated through more than one cell in any veloci-
ty variable during At

The advantage of the CS becomes even more apparent
if electrons of higher energies are of interest, since
At gy & T %, where 7, is the maximum kinetic energy
of interest, while the CS time step remains fixed.

C. Nearly-steady-state approximation

An initial examination of the scattering shown in Fig. 1
might seem to imply that the spatial movement of the
particles in the initial cell must be considered when the
particles scattered out of the cell during the time step are
reinserted into the mesh. This might be true if the num-
ber of particles in a cell varied greatly over a time step.

This complication is not necessary here. In this work,
particles scattered out of a cell initially at (r’',v"') are re-
placed at (r'=r",v’) instead of being distributed along
the same spatial trajectory that the initial cell traversed.
The justification for this approximation rests upon the as-
sumption that the number of particles at the initial loca-
tion of the cell is roughly constant—particles may flow
tnto and out of the cell during a time step, but in such a
way as to approximately preserve the number of particles
in the cell. The number of particles in a cell is certainly
constant once a steady-state solution is obtained; provid-
ed the distribution changes on a time scale which is long
compared to a time step, it is approximately true even
during the transient solution. It would not be true, for
example, if the CS were being used to study the expansion
of a shock front, where particle densities vary greatly
over a single spatial mesh cell and over a single time step.

IV. CONVECTIVE-SCHEME "™MPI EMFENTATION

A. Two-dimensional example

A simplified but complete CS model will now be exam-
ined. This model would be entirely reasonable for ions in
their parent gas (dominated by charge exchange), but is
simple enough to be described in one figure (Fig. 1). For
simplicity, a uniform electric field is assumed. A few
terms will be defined to clarify the description of the CS.
The CS requires a numerical mesh; some of the con-
siderations in choosing a mesh will be described. The
focus of this section is to step through an entire iteration
(time step) of the CS.

To avoid confusion, the following naming convention
will be observed for cells.

(i) The initiaf cell will refer to the cell in which the par-
ticles are initially located (either at the beginning of a
time step or just prior to a collision). The size and shape
of the cell in the phase space mesh is part of the
specification of the initial cell. Particles within a cell are
assumed to be uniformly distributed within the cell; that
is, the phase-space density of a cell is assumed constant.
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As previously mentioned, initial variables will be doubly
primed.

(ii) The moved cell will refer to the location, size, and
shape of the cell, after either a ballistic particle move-
ment or just after a collision. The size, shape, and densi-
ty of the moved cell may differ from that of the initial cell
depending upon the nature of the phase space, and the
moved cell does not, in general, correspond to any single
cell of the mesh. The phase-space density of the moved
cell is also assumed constant. Variables associated with
the moved cell will be singly primed.

(iii) The final cells are those cells of the mesh that are
overlapped by the moved cell. For example, the moved
cell may be larger than the initial cell or a final cell due to
phase-space considerations. The larger moved cell could
then overlap many final cells.

The first step of a CS solution is to choose an appropri-
ate phase-space mesh that can accurately describe the im-
portant physical processes. The considerations are much
the same as for a finite difference solution method. Ions
in their parent gas are dominated by charge exchange
collisions; such ions simply stop after an ion-neutral col-
lision in the cold gas approximation (resonant charge ex-
change), and no energy is directed into the transverse
direction. If plane-parallel geometry is assumed, two
variables are sufficient for the ions—the distance from
the anode z, and the ion velocity along the discharge axis
u,.

A CS calculation is started by placing particles into the
mesh; how this is done depends on the problem of in-
terest. If the physical source of new ions is assumed spa-
tially uniform and the ions start from rest, then new ions
would be placed in the mesh in the cells corresponding to
+Av, /2 and uniformly distributed in z. The number of
ions injected is determined from the ionization rate and
the CS time step.

The CS now determines the fate of the ions in the mesh
after a single time step At. As previously indicated, all
particles are first moved as though no collisions occur.
Then a' collision rates are calculated and the scattered
particles are redistributed.

The collisionless particle movement is a straightfor-
ward step and is shown for the ion phase space and a uni-
form electric field directed in the positive z direction in
Fig. 1. Each cell of the mesh is considered in turn. The
location z"', and velocity v,’ associated with the initial
cell, combined with the electric field E(z), and the time
step At, completely specify the location z* and velocity v,
of the moved cell. The equations shown in Fig. 1 assume
a constant electric field: E,, with an ion acceleration of
a=g,E,’m, where q, is the ion charge and m, is
the ion mass. The position of the moved cell after a time
step At is calculated, and the particles from the initial cell
are distributed to final cells in proportion to the overlap
of the moved cell with each of the four final cells. Realis-
tic field configurations require a numerical integration.
Each initial cell is examined in turn until all particles
have been moved to their final positions.

The charge exchange collisions of this example are par-
ticularly easy to handle in the CS. Each cell of the mesh
is examined in turn; the number of particles in a particu-
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lar cell and the velocity associated with the cell are
known. When combined with the neutral number densi-
ty. the cross section, and the CS time step, the number of
particles scattered out of the cell of interest can be found.
These particles are removed from the initial cell and add-
ed to the two cells that straddle the v, =0 axis at the
same spatial location (see Fig. 1). A nonzero background
gas temperature could be handled by inserting the scat-
tered ions with a Maxwellian velocity distribution. The
scattering calculation is simplified by the fact that each
cell of the mesh may be examined independently.
Scattering rates are typically independent of spatial loca-
tion and electric fields; in this case, the scattering proba-
bilities can be calculated once for each velocity of interest
on the mesh and then used for subsequent scattering cal-
culations.

Once all cells of the mesh have been moved and then
scattered, various moments of the distribution such as the
uumber density and flux are calculated. If the calculation
is self consistent, the electric field is recalculated. A new
iteration is then started in this example by again injecting
ions uniformly throughout the discharge in accordance
with the assumed ionization rate.

B. Three-dimensional electron model

A CS model of the electrons in a helium discharge will
now be described, building upon the simpler ion model.
The physical assumptions here are the same as described
in Ref. 2. Briefly, the discharge is assumed to be plane
parallel with negligible radial diffusion and an electric
field directed along the axis of the discharge: E=EZ.
The positive z axis points away from the cathode. This
coordinate is reversed from that defined for the ions in
Sec. IVA.

An adequate CS model of the electrons demands a real-
istic description of the angular scattering processes. An
extra independent variable is therefore added to the mod-
el to describe motion transverse to the discharge axis.
The independent variables are now the distance from the
cathode z, the speed v, and u, the cosine of the angle 6 be-
tween the velocity vector and the z axis (u= cosf). The
discharge is azimuthally symmetric, so the azimuthal an-
gle ¢ does not appear.

A mesh equally spaced in speed (rather than energy) is
chosen for good resolution of the low-energy particles.
To improve numerical accuracy, the mesh is finer near
p=1 (forward-directed particles) than near p=—1
(backward-going particles). Specifically, a new integer
variable £ which labels cells is introduced which has lim-
its 0< & <&, .. Then u at the boundary of the cells is cal-
culated from p=1-2(£/&,,,)*. The electric field moves
unscattered particles monotonically to higher u, and the
use of the variable £ improves the resolution in the region
near £ =1 in the mesh. (Note that this variation in mesh
size is implemented with no difficulty, whereas the time
step of a finite difference scheme would have to be re-
duced to accommodate the fine mesh near u=1 and
again ensure that no particles could transverse more than
one of these smaller cells in a time step. Additional cod-
ing difficulties would also arise. The CS mesh size can be
varied at will to more accurately describe regions of in-
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terest with no such ill effects.)

As with the ion example, the electron CS calculation is
started by placing electrons in the mesh. Here electrons
are placed in the cells of the mesh immediately adjacent
to the cathode with an assumed distribution function so
as to satisfy a current balance condition at the cathode.
The details of this injection are not important to the CS;
they will be discussed later as part of the self-consistent
calculations.

1. Unscattered electrons

The ballistic movement of the electrons is more com-
plex than that of the ions described previously. The com-
plications arise out of the nature of the electron mesh,
which has a variable Jacobian.

The ion CS model is considerably simplified by the fact
that the ion phase space is Cartesian, and the size and
shape of the cells do not change throughout the mesh. In
general, the moved cell overlaps four final cells. The
same cannot be said for the electron model; the Jacobian
for this mesh is (approximately) 27v2. A moved cell may
fall completely within one final cell or may overlap many
final cells. The CS accounts for this apparent variation in
cell size by independently moving the center of each face
of the initial cell to properly calculate the location and
size of the moved cell. As before, the particles in the
moved cell are distributed to each of the final cells in pro-
portion to the volume of phase space occupied by the
moved cell in each of the final cells.

2. Scattered electrons

The scattering calculations for the electrons are illus-
trated in Fig. 3, and described here. All scattering pro-
cesses are assumed isotropic, with the anisotropic
differential elastic cross section being replaced with the

Unscattered particles
(Initial cell)

FIG. 3. Schematic of the electron collision operator. Elec-
trons leaving a scattering event are distributed isotropically; an-
isotropic elastic scattering is described through the elustic
momentum-transfer cross section. Electrons involved in an ion-
ization event are distributed according to the differential energy
scattering cross section. lonization energy is 7, Excitation
energy for the single process shown is 7. Individual mesh cells
have been omitted for clarity.
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isotropic elastic momentum-transfer cross section. The
assumption of isotropic inelastic scattering for electrons
in a normal helium cathode fall is supported by the work
of Den Hartog et al." A detailed investigation of the
effects of anisotropic scattering in nitrogen is presented
by Phelps and Pitchford.'® Although the present electron
scattering calculations use isotropic scattering, it should
be noted that any anisotropic distribution can be included
in the CS.

The isotropic elastic momentum-transfer cross section
is the simplest to examine. In this process, particles
scatter from one polar angle u"’ to another u' at the same
speed (v'=v""). Particles scattered out within each cell
(z",v"”,u") are replaced at the same spatial location z’
and speed v’ as the unscattered particles, but distributed
evenly (isotropically) in the cosine of the polar angle u'.

Excitation collision processes are similar, but the scat-
tered particles are replaced isotropically at a final speed
v’ that is determined by the energy of the kth excitation
process 7,: v'’=v"'*—27,/m. The phase space of the
electron mesh compresses as one moves toward lower ve-
locities. This is again handled by calculating the posi-
tions of the faces of the moved cell when scattering from
one speed {v'’) to another (v’}); scattered particles lose a
fixed energy 7, rather than a fixed speed.

Ionization processes produce scattered particles over a
range of speeds 0<v'*<v"?—2r, /m, where 7,,, is the
ionization threshold energy. The number of particles
scattered to each speed in this range is found using the
differential energy ionization cross section. The scattered
particles are then distributed isotropically as before.

As in the ion model, relevant moments of the distribu-
tion are calculated and (if self-consistent) the field is ad-
justed. As a final note, some moments are not found by
integrating over the mesh. To improve the accuracy of
finding moments like the average electron velocity {v,)
and the electron current density j,, the electron flux
across the z boundaries within the mesh is tracked during
the unscattered movement of electrons and used to calcu-
late {v,) and j,.

V. FIXED ELECTRIC FIELD CALCULATIONS

A. Swarm experiment calculations

The CS is now used to model a swarm experiment in
helium at a uniform reduced field of E/N =282 Td
(where 1 Td=10""" Vcm?). The gas density N is
3.53X 10" cm ~*. The cross sections are taken from La-
Bahn and Callaway'? (elastic) and Alkhazov® (inelastic).

Figures 4(a)-4(d) show the predicted relative density »,
the average z velocity (v, ), the average electron energy
(r), and the effective Townsend first ionization
coefficient a. The CS predictions are plotted, along with
results from Doughty’s Monte Carlo,?! which uses the
full anisotropic elastic scattering cross section. The
Monte Carlo simulation should otherwise be directly
comparable to the predictions of the CS.

The exact nature of the equilibration region near the
cathode depends upon assumptions made about the dis-

6361

tribution of electrons liberated from the cathode surface.
A perfectly absorbing anode is assumed in both calcula-
tions, producing the observed absence of backscattered
electrons near the anode. Assumptions about the nature
of the electrode boundaries are common to both the CS
and Monte Carlo methods, but do not affect the predicted
swarm values.

Results from swarm experiments of Kiiciikarpaci
et al.?? are also displayed in Fig. 4. Kiiciikarpaci's re-
sults are in general agreement with an older but extensive
set of swarm data compiled by Dutton.?® Care has been
taken to ensure a proper comparison of the average ve-
locity (v, ) from the CS with the experimentally obtained
drift velocity v,;. The average velocity attributed to
Kicuikarpaci in Fig. 4 was found using the drift velocity
vy, Townsend ionization coefficient a, and longitudinal
diffusion D; from Ref. 22,

(vz)=%=vd—DLa. @)
The electron flux I' and density n are well-defined mo-
ments.

The agreement of the predicted and experimental
values is excellent. Kiiclikarpaci quotes an accuracy of
+5% in vy and *15% in D at this relative high E/N.
The experimental uncertainties for a are larger; Dutton

10!
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FIG. 4. Comparison of results of a swarm calculation. Solid
lines denote the CS calculations and crosses are from the Monte
Carlo calculation of Doughty (Ref. 21). Dashed lines indicate
the experimental swarm values from Ref. 22 (see text).
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discusses the problems in detail. The semiempirical in-
elastic cross sections from Alkhazov have an uncertainty
of £25% at low impact energies and +15% at higher en-
ergies where the Born approximation is refiable. The
differential elastic cross section from LaBahn and Calla-
way has an estimated accuracy of £5%.

B. Cathode fall

In this section the CS will be used to model the CF in
the j, =0.190 mA cm ™ near-normal glow discharge of
Doughty er al.’* and Den Hartog er al."*

An electric field configuration is imposed based on the
field experimentally measured using optogalvanic detec-
tion of Rydberg atoms.>> A linear field is assumed in the
CF based on a least-squares fit to experimental electric
field data.!>?* The field is 897 V/cm at the cathode and
extrapolates to zero at 0.382 c¢cm from the cathode. The
gas density is 11.2X10'® cm ¥, A realistic model of the
NG is beyond the scope of this paper, so a weak NG field
was assumed (10 V/cm directed toward the cathode).
This field configuration allows comparison with the
Monte Carlo calculation, as the Monte Carlo calculation
is unable to handle trapped particles (and therefore a field
reversal). It also shortens the computation time required
by sweeping electrons out of the NG region and into the
anode.

A comparison of the results of the CS and Monte Carlo
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FIG. 5. Comparison of results for a near-normal glow
discharge from the CS and Doughty’s Monte Carlo calculations
(Ref. 21). The parameters and imposed electric field correspond
to the j, =0.190 mA cm " discharge of Ref. 24.
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methods is shown in Fig. 5; the agreement here, as in the
swarm calculations, is excellent. This fixed-field calcula-
tion should be an accurate indication of electron behavior
in the CF. It should also be a reasonable model of the
high-energy electrons that stream through the NG from
the CF to the anode. It does not describe all of the NG
electrons because the assumed NG field configuration
does not allow a realistic anode sheath to form which
would contain the highly mobile electrons within the NG
plasma. A more detailed consideration of the NG will be
presented along with the self-consistent CF calculations
of Sec. VIC.

A brief review is in order. The CS method has been
shown to accurately match the predictions of a fixed-field
Monte Carlo code, where individual particle trajectories
are followed exactly, unhampered by any mesh. Com-
pared to an explicit finite difference solution, the CS algo-
rithm is more efficient and free of numerical instabilities
(it is inherently an integral, rather than a differential for-
mulation). It is accurate during the time evolution of the
system. Because the Green's function for the Boltzmann
equation has an obvious interpretation, the CS method is
very intuitive to implement, much in the spirit of Monte
Carlo simulations.

VI. SELF-CONSISTENT ELECTRIC FIELD
A. Scope of solution

As mentioned in Sec. I, a self-consistent calculation of
the CF demands an accurate description of all charged
species. Here, singly charged ions (He ") are assumed to
be the only charged species present other than the elec-
trons, and the ionic current is assumed to be the
difference between the fixed discharge current and the
electron current predicted by the CS [Eq. (6)]. lon behav-
ior is parametrized using the experimentally known mo-
bility from Helm;?® the details of this treatment and its
justification in the CF are presented in Ref. 2.

Lawler?” showed that the mobility parametrization of
the ions should be adequate in the high-field part of the
CF, but that the ion model is suspect near the CF-NG
boundary. His calculations indicate that ions moving
through rapidly changing fields (as exist near the CF-NG
boundary) require several mean free paths to reach the
speed indicated by the mobility, depending upon the ac-
tual field configuration and ionization source. The ion
model does not describe the random thermal motion of
the ions, which is important in low-field regions such as
the NG. Because inertial effects are discounted, it cannot
be expected to realistically model a possible field reversal
in the discharge. The field must reverse somewhere in
the discharge to allow the formation of an anode sheath
and prevent a quick escape of NG electrons to the anode.
Evidence placing the field reversal near the CF-NG
boundary was recently reviewed by Den Hartog et al. 15
Microwave Doppler-shift measurements have indicated a
slow ion drift toward the anode in the NG of a Kr-D,
glow discharge,”® indicative of a weak reversed field in
the NG.

The numerical problems associated with a field reversal
are strictly a function of ghe ciude ion transport model.
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A field reversal could be handled with ease if the CS were
also used to describe the ions.

A self-consistent model of the CF-NG boundary and
the NG will not be considered in this paper for several
reasons. The physical assumptions appropriate in the
NG differ markedly from those of the CF. Several mech-
anisms have been discounted in the present CS model of
the CF that may be important in the NG, including ener-
gy transfer during elastic collisions, a nonzero neutral gas
temperature, electron-ion recombination, Coulomb col-
lisions, and the role of metastable atoms. A discussion of
these and other mechanisms in a helium afterglow can be
found in a comprehensive paper by Deloche et al.*

A more vexing problem is the physical time required to
build up the large density of low-energy electrons existing
in the NG. Recent experiments'**’ on the j,=0.190
mA ¢m * helium discharge being modeled here indicate a
large density ( 2 10" ¢m %) of relatively cold ( <0.25 eV)
electrons in the NG. If this density extends over 0.1 cm
{around half) of the NG, 10" electrons would exist in the
NG per square centimeter of electrode area. If the source
of these electrons is taken to be the electronic current
crossing from the CF into the NG (j,=j,=0.190
mAcm ° at the CF-NG boundary), and there are no
losses (a best case assumption), it would take a minimum
of 10 * seconds for enough electrons to be generated in
the discharge to obtain the observed NG electron density.
Given the aforementioned CS time step of 0.05 ns (limit-
ed by the electron-atom collision rates in helium), this
translates into a minimum of 2X 10" CS iterations. A
self-consistent electrode-to-electrode calculation must cir-
cumvent this problem.

B. Boundary condition at the cathode

While the absolute number density in a fixed-field solu-
tion may be scaled arbitrarily by varying the number of
injected electrons, absolute number densities are required
in a self-consistent calculation for use in Poisson’s equa-
tion. As previously indicated, the driving source in the
CF is the secondary emission of electrons from the
cathode by ion, metastable, and uv photon impact. The
appropriate number of electrons to be launched in the
present model is found using an effective emission
coefficient y,, which determines the ratio of electron
current density j, to ion current density j.. . at the
cathode surface,

Ylel)n(O):jt’(O) ° (5)

As defined in Eq. (5), ¥, includes all emission mecha-
nisms and a correction for electrons that are elastically
backscattered to the cathode. The composits value of
¥, =0.3 is taken from the experimental results of Dough-
ty et al.** The determination of ¥ there is based on op-
togalvanic measurements of the electric field in a helium
CF and the ion mobility as measured by Helm.>*

The ion current density at the cathode is found by
fixing the discharge current density j, throughout the
discharge

jI) :jl()n‘z)+jl’[2) . (6)

The electron current density at the cathode can be
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found once the total current density j,, and the coefficient
¥, are specified. The CS is therefore started by placing
electrons into the mesh cells adjacent to the cathode with
a chosen velocity distribution so as to satisfy the condi-
tions of Egs. (5) and (6). The distribution of electrons
ejected from the cathode is also assumed in Monte Carlo
calculations; a flat energy distribution with energies of
less than 10 eV is typical>"'*1%242% 454 reasonable in
light of experimental measurements.*!

C. Self-consistent calculations

The self-consistent problem demands an extra condi-
tion on the electric field to completely specify a unique
solution. This condition is discussed in Ref. 2. Within
the present model, the simple ion transport description
requires the ion velocity, and hence the ion current, to
vanish any time the electric field nears zero. The ex-
tremum condition of Ref. 2 should be useful for the more
ambitious electrode-io-electrode calculation and a full in-
vestigation of the CF-NG boundary.

A self-consistent-field calculation is started by first
guessing a field configuration [Fig. 6(a)] and then running
a fixed-field calculation to (near) stability. In compar-
isons with Doughty, his CF field measurements were used
as the initial guess. As in the fixed-field calculation, the

/ Fixed initial field

(a)

Field from Poisson's equation
Old field

(b)

Partial relaxation of field

Old (ield
New ficld from Poisson

Electric field

(cy |1-r

Final relaxed field configuration

Distance from cathode

FIG. 6. Schematic of the field relaxation algorithm. Initial
fixed-field configuration is guessed and the convective-scheme
run to (near) stability (a). Poisson’s equation 1s used to calculate
a new field configuration (bl. O1d field is then allowed to relax a
fraction r of the distance toward the new field (). Partially re-
laxed field of (¢) becomes the “old™ field in (b) during the next
iteration, and (b) and (¢} are repeated until stability is again
reached (d). Separation of the old and new fields, as well as the
amount of relaxation r, have been exaggerated for clarity.
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NG field is assumed to be directed toward the cathode
with a magnitude of 10 V/cm, and the calculated field in
the CF is matched to this value at the CF-NG boundary.

Once the fixed-field solution is found, Poisson’s equa-
tion is combined with the field constraint (j,, =0 if
E =0 to calculate an electric field. A search is made for
the spatial location where the electrons carry the full
discharge current, that is, where j. =j,,. This defines the
CF-NG boundary. (Such a point may not exist if the
guessed field is too weak; the initial guess must then be
modified.) The calculated field is set to zero at this point
and its behavior in the CF is found by integrating toward
the cathode using Poisson’s equation. The 10 V/em NG
field is then imposed throughout the NG. A typical re-
sult at this stage is shown in Fig. 6(b).

The field being used in the run (currently the imposed
field) i1s allowed to relax a fixed fraction r (typically
r=0.011 of the difference between the field being used
and the newly calculated field at each spatial location z
[see Fig. 6(c)]. A single time iteration of the CS is calcu-
lated with the new field configuration, then the field is
again relaxed. This scheme consisting of a single CS time
iteration followed by a partial field relaxation is contin-
ued until a stationary solution is again found, as in Fig.
6ud).

VII. DISCUSSION OF SELF-CONSISTENT
CALCULATION

The predicted electric field configuration for the
jp=0.190 mAcm - discharge of Doughty et al.™ is
presented in Fig. 7, along with the field measurements
from optogalvanic experiments. The field decreases in a
nearly linear fashion in the CF, as expected. The experi-
mental and predicted fields are in good agreement in the
high-field part of the CF. Factors influencing the predict-
ed electric field will now be presented.

The slope of the predicted field in the CF is not directly
dependent on the sophisticated kinetic treatment of the
electrons: the electron density n is a negligible fraction of
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FIG. 7. Self-consistent electric field configuration as predict-
ed by the conmvective scheme for the j, =0.190 mAcm 2
discharge of Ref. 24. Experimental field points are optogalvanic
measurements from the same reference.
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the ion density n , , in the CF, so the ion density dictates
the slope through Poisson’s equation,

dE _ ¢

- = . v

dz g, "
The electric field is E, €, is the permittivity of free space,
and e is the unit charge (e >0). Combining Poisson’s
equation with the current balance condition {Eq. (5)],
continuity [Eq. (6)}, and the mobility (u . ) parametriza-
tion of the 1on velocity v,

v, =u (EYE (8)
yields a constraint on the electric field at the cathode,

dE _ b
dz  efl+y,)

u (E)E 9)

These considerations partially dictate the electric field
configuration independent of the CS.

An accurate determination has been made of the elec-
tron current throughout the discharge, based on the de-

(b

FIG. 8. Distribution functions from various spatial locations
within the self-consistent CS calculation shown in Fig. 7. Dis-
tances from the cathode are (a) z =0.028 cm (near the cathode),
(b) 2=0.243 cm (midst of CF), and (¢} z =0.489 cm (midst of
NG).
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tailed kinetic description of the CS. This, in turn, yields
an accurate prediction of the ion current at all z through
the continuity requirement [Eq. (6)]. The location of the
CF-NG boundary is then fixed by requiring j,=jp
(j,on = 0) at the boundary.

The calculated electronic current is dependent upon
the absolute accuracy of the ionization rate. The ioniza-
tion cross section is from Alkhazov,™ and the uncertain-
ties have already been discussed. Two simplifying as-
sumptions in the CS also affect the ionization rate. Asso-
clative 1onization is not included, and all electrons leave
scattering events with isotropic distributions. The first
assumption underestimates the total ionization; the
second overestimates it because the isotropic assumption
results in more backscattered high-energy electrons that
are more likely to undergo additional ionization events.
Anisotropic elastic scattering is already present in the
Monte Carlo simulations, and some of the effects of an-
isotropic inelastic scattering can be included by assuming
that the two electrons leaving an ionization event scatter
elastically after the event with no recoil from the ionized
atom.” The Monte Carlo calculation indicates that the
net result of these two assumptions is a slight underes-
timation of the ionization rate in the CS predictions in
this near-normal discharge. An underestimation in the
ionization rate corresponds to an overestimation of both
the electric field strength in the CF and the length of the
CF.

To emphasize the fully kinetic nature of this self-
consistent calculation, distribution functions at three spa-
tial locations in the discharge are presented in Fig. 8.
Electrons that have survived unscattered from the
cathode dominate Fig. 8(a), which is taken from near the
cathode in the CF. Figure 8(b) is taken from the midst of

FIG. 9. Isotropic portion of the self-consistent electron dis-
tribution as a function of position within the discharge and elec-
tron speed. Vertical extent of the distribution function is trun-
cated to show the unscattered beam of electrons from the
cathode. Only every other mesh point in z is plotted for clarity.
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the CF, showing the expected buildup of inelasticaliy
scattered electrons. Electrons streaming through the NG
from the CF to the anode are shown in Fig. 8(c); this re-
gion is dominated by electrons that have undergone
several inelastic collisions. The distribution differs some-
what from a pure Maxwellian—high-energy electrons are
depleted relative to a Maxwellian due to inelastic col-
lision processes, and close inspection of Fig. 8(c) reveals a
slight anisotropy of the NG electrons. These electrons
are sometimes called “‘beam™ or “ballistic™” electrons be-
cause they are distinctly nonhydrodynamic electrons in
the weak NG electric field; they are primarily responsible
for excitation and ionization events in the NG.

Finally, the isotropic part of the distribution function
versus position in the discharge and electron speed is
shown in Fig. 9. The vertical scale of the graph has been
truncated at one-tenth the largest magnitude of the distri-
bution function to more clearly show the beam electrons
that have survived unscattered from the cathode.

VIII. SUMMARY

A convective-scheme method has been introduced to
gaseous electronics in this paper. The method is more
efficient than explicit finite difference schemes and able to
~ccurately describe the time evolution of a plasma. The
CS is very straightforward to implement, similar to
Monte Carlo simulations. The CS was used to model two
fixed-field discharges: a swarm experiment and the CF of
a dc glow discharge. Predictions of the CS were shown
to be consistent with Monte Carlo simulations. The
swarm predictions were compared with experimental re-
sults, and uncertainties in both the experimental swarm
results and the cross sections used in the CS were dis-
cussed. Self-consistent-field calculations of the CF were
then presented. The field predicted by the self-consistent
calculations was in excellent agreement with optogalvan-
ic experiments. The accuracy of the electric field
configuration was shown to depend on the detailed kinet-
ic calculation primarily through the CS’s prediction of
the electron current. This, in turn, fixed the location of
the CF-NG boundary and yielded the predicted electric
field configuration.

The problems hampering the present model near this
boundary would be avoided with an improved ion trans-
port model. Physical and numerical considerations
necessary for a realistic model of the NG were outlined.
The efficiency of the CS should eventually allow a fully
kinetic treatment of both the electrons and ions and a
complete electrode-to-electrode calculation, including a
detailed description of the true nature of ne CF-NG
boundary.
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Electron Heating Mechanisms in Helium rf Glow Discharges: A Self-Consistent Kinetic Calculation
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Power dissipation mechanisms in low-pressure helium radio-frequency glow discharges are studied us-'
ing a model which is able to describe the discharge at the kinetic level with a self-consistent electric field.
We find a low average electron energy (<1 eV) in the bulk plasma and a weak electric field (ss2
V/cm) that is largely out of phase with the sheath fields. The weak bulk field is shown to be important

for heating electrons of all energies.

PACS numbers: 51.10.+y, 52.20.—j, 52.80.Hc

Fully self-consistent kinetic models of radio-frequency
(rf) discharge plasmas are now possible using the “‘con-
vective scheme” (CS).'"* Much progress toward under-
standing rf discharges has been made with more tradi-
tional models using the local-field approximation,®
Monte Carlo simulations,®’ fluid approximations,® and
other related approaches. Major challenges, such as the
energy balance of the bulk electrons, are not easily ad-
dressed once the approximations inherent in these models
have been made. Traditional models have sidestepped
the energy balance of the bulk electrons by predicting
only a density-temperature product,’ calculating a spa-
tially averaged energy balance for a restricted range of
parameters,'? or simply assuming a 1-eV average bulk
electron energy.'! A recent experiment shows that the
average energy of the bulk electrons can be astonishingly
low (0.043 eV).'? We report in this Letter a fully kinet-
ic model for rf discharge plasmas with a self-consistent
electric field, and we use this model to study the energy
balance of the bulk electrons.

An cfficient numerical scheme based on propagators
(Green's functions) '~* is employed here to yield distribu-
tion functions consistent with Poisson’s equation for the
clectrons and ions in four He rf discharges. The kinetic
model of the electrons described in Ref. 4 is modified '
and combined with Poisson’s equation and a kinetic
description of the ions to yield a fully self-consistent, ki-
netic model. Energy loss by electrons during elastic col-

lisions with neutrals has also been added here.

Calculations are typically started with a spatially uni-
form density of ions and electrons and run in the applied
tf potential until the fractional change over a cycle in
key quantities is less than a chosen value ¢. Typically,
¢<5%x10~% Running to harmonic convergence is a
most difficult problem because number densities (for in-
stance) may continue to change by small amounts for
many tf cycles. To avoid excessive computation times a
run may be stopped, the particle densities adjusted
(while preserving the net charge density at all spatial lo-
cations and hence the instantaneous field configuration),
and then resumed from that point. The true final densi-
ties can thus be bracketed. We estimate that the present
results differ from those of a perfectly convergcd solution
by <15% in absolute densities, better in most other
variables.

Four sets of discharge conditions were considered.
Most discussion’ will center on a “benchmark” 0.1-Torr
He discharge with a gap of d =4 cm, operating at a fre-
quency fo=13.56 MHz with an applied sinusoidal volt-
age V2=500 V (peak). We assume 0.1 electron on aver-
age is released from an electrode per incident ion (y
=0.1). Each of the other three discharges differs in one
parameter: V9, fo, or y. The results are summarized in
Table 1.

Results from the converged benchmark solution are
shown in Fig. 1 over one rf cycle. The sheath electric

TABLE I. Summary of the ;esults from the four He rf discharges. All discharges have an electrode spacing d of 4 cm and a neu-
tral He density N of 3.535%10'* cm =2, The plasma potential, bulk ionization rate. and bulk average energy have been averaged
over one rf cycle. The benchmark run ls labeled “1."

Maximum  Peak Peak Bulk Bulk  Bulk
Potential ¢f fre- Secon- Current  Plasma  sheath plasma fonization lonization = average electric
Run ampli- quency dary coeffi- density potential length density rate rate energy field
num- tude ¥°  fo cient J8 ve(d/2) L™ nm Sme S(d/2)°  («(d/2)) E®(d/2)
ber (V) (MHz2) y (mAcm ™) (V) em) U0'em ™ U0 em~3s~") (10¥em~¥s~') (eV) (V/em)
f 500 13.56 0.1 2.7 221 1.1 10.2 9.0 5.5 . 0.54 1.9
2 500 10 0.1 1.5 219 1.4 16 5.3 3.2 090" 19
k! 500 13.56 0.0 2.6 222 1.1 9.0 8.3 5.0 0.58 1.8
4 250  13.56 0.1 1.3 121 1.t 3.6 2.8 1.7 0.68 1.8
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fields (Fig. 1(a)] are dominantly linear, reflecting a near-
ly constant (space and time) ion density outside the bulk
and the dynamic action of the more mobile electrons as
they move to neutralize ions in this region when the in-
stantaneous field is small. (“Bulk” here refers to loca-
tions where the time-averaged field is weak; ‘“sheath”
refers to locations where the instantaneous field is
strong.) The ion plasma frequency is of the order of the
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FIG. 1. Benchmark run: (a) electric field E(z,1), (b) pri-
mary ionization rate per unit volume S(z,r), and (c) power
deposition into the electrons P(z,t) = —n,le] E,(v,), over one
f cycle T=7.375%10"% 5. The heavy portions of the z =0
and z =4 cm lines indicate parts of the rf cycle where the cor-
responding electrode is cathodic.
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tf frequency; the ion density is nearly constant over a cy-
cle, while the ion current to each electrode varies by
around 30%. The electric field in the bulk (Euux) oscil-
lates with a (roughly) spatially uniform amplitude of 1.9
V/cm. Surprisingly, Epux is largely out of phase with
the sheath fields, and is distinctly nonsinusoidal (Fig. 2).
The field reversal occurs at the base of a given sheath
while the sheath is reaching its maximum extent and also
during the subsequent contraction. Conversely, the re-
versal is at the opposite side of the bulk when a sheath is
minimal in extent and during the next expansion. The
time-averaged fields in the bulk are roughly consistent
with an ambipolar diffusion loss of ions.'

The average energy of the bulk electrons is low,
averaging 0.54 eV over an rf cycle at the center of the
discharge. Experiments have seen similar or even lower
bulk electron temperatures in various He rf (Ref. 12)
and dc (Ref. 14) discharges. At this pressure (0.1 Torr),
the mean free path for ionization in He is several
discharge lengths, and the ionization is due to high-
energy electrons streaming through the discharge, asin a
negative glow region or a beam-sustained discharge.
The ionization rate (per unit volume) therefore peaks
near the sheath-bulk boundary [Fig. 1(b)] as electrons
that had migrated toward the electrode during the anod-
ic part of the cycle are accelerated by the expanding
sheath [Fig. 1(a)] during the cathodic phase. These
discharges all appear to operate in a regime where
sheath expansion is the dominant electron heating mech-
anism.”®!" Figure 1(c) shows the deposition of power
into the electrons; energy is given to the electrons during
sheath expansion, but also flows from the particles into
the field during sheath contraction. Bulk ion loss is dom-
inated by a process analogous to ambipolar diffusion;
that is, the product of the ion density, ion mobility, and
average energy of the bulk electrons is approximately
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FIG. 2. The applied potential, discharge current, electric
field at the z =0 electrode, and bulk electric field (z =d/2) of
the benchmark discharge over one rf cycle 7.
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equal to the product of the diffusion length squared and
the average ionization rate.'*

“Tracking” calculations utilizing the results of this
benchmark discharge were used to examine the behavior
of the bulk electrons. These runs were started when the
left electrode was most cathodic {t=7/4 in Fig. 1(a)l.
The electron distribution was cleared except for bulk
electrons at one selected speed. These electrons were
then followed for one or more cycles using the electric
field and other results from the benchmark run as input
to the tracking calculation. The true benchmark field
was used initially. The role of Eyux in heating these
electrons was clarified by modifying the benchmark field
and performing identical tracking runs. Two variations
were used: The first was to simply set Epyi to zero, and
the second was to invert the sign of Ey,x. The strong
sheath fields were not modified.

Low-energy (0.5-eV) bulk electrons respond to the
bulk field, but require on the order of an rf cycle
(T=7.375%10 "% s) to cross the bulk and undergo sev-
eral collisions during the crossing. The sheaths move
with speeds of up to =5x107 cm/s {see Fig. 1(a)l.
Low-energy electrons are gently pushed by Epyi toward
an electrode as the sheath retreats toward that electrode
during the anodic part of the cycle. They move too slow-
Iy to catch the retreating sheath, bounce, and lose ener-
gy. These slow electrons are unable to move away dur-
ing the subsequent sheath expansion, and are heated as
the sheath moves past. Setting £y t0 zero or inverting
it inhibits the coldest electrons from moving in behind
the retreating sheath and halves the total ionization due
to these low-energy electrons during the first tracking cy-
cle.

Higher-energy (15-¢V) electrons can cross the bulk
several times per rf cycle and have twice the mean free
path of the 0.5-eV electrons; they can cross the bulk and
collide with a sheath at any time. They gain energy
from the field during collisions with expanding sheaths
and lose energy to the field upon hitting a contracting
sheath [Fig. 1(c)], and the energy gain or loss is depen-
dent upon the relative speed or the el:ctron and sheath.
Evwux hinders heating of these high-cnergy electrons be-
cause for most of an rf cycle it slows electrons moving to-
ward expanding sheaths and accelerates them toward
contracting sheaths. Inverting or zeroing Epui aids elec-
tron heating by the expanding sheaths and increases to-
tal ionization during the first tracking cycle by == 20%.

An overwhelming majority of the discharge electrons
have energies less than | eV, and only a tiny fraction of
these cold clectrons need be heated and subsequently
ionize neutral atoms to sustain the discharge. Obtaining
tk: correct Eyyi and a realistic picture of the power bal-
ance is a prerequisite for a quantitative understanding of
plasma chemistry. The 0.043-eV electrons observed by
Hebner, Verdeyen, and Kushner'? in He could attach to
an electronegative gas and form negative ions, while the
several-eV electrons predicted by Kushner”'* (various

molecular gases) and Graves and Jensen® (fictitious gas)
would dissociate many molecular species. Though the
Ar-SiH4 discharges studied by Kushner’ differ greatly
from these He discharges, his conclusions regarding the
magnitude of Eyp,x needed for significant bulk heating
are largely applicable here. Power is not directly depos-
ited into the bulk electrons in great quantity [Fig. 1(c)]
in these discharges, but Eyn is the only source of energy
for the coldest electrons. In one rf cycle even the coldest
bulk electrons can gather sufficient energy from Epyy to
be efficiently heated by the expanding sheaths.

The huge amount of information available in these ki-
netic calculations is evident in Fig. 3, which shows the
isotropic part of the electron velocity distribution func-
tion (EVDF) of the benchmark run when the left elec-
trode is most cathodic, There are very few electrons in
the sheath. The secondary electrons liberated from the
left electrode and accelerated to the sheath potential are
clearly shown, as is the very low average energy of the
bulk electrons. The full angular distributions corre-
sponding to Fig. 3 shows the expected beam of secon-
daries traveling in the +2z direction and an isotropic dis-
tribution of low-energy electrons. The electrons in the
local maximum in f at r==250 eV are secondaries which
have been scattered and are moving transverse to the
discharge axis,

Table 1 summarizes the three other calculations. The
Ewuix wave forms were remarkably similar for all of these
discharges. The current leads the applied voltage by al-
most /2, and is nearly sinusoidal (only the 3f, harmon-
ic, at 5%-7%, was more then 1% of the fundamental fo).
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F1G. 3. Isotropic part of the EVDF of benchmark run. The
left clectrode is most cathodic at this phase of the rf cycle.
S=X.N"“[AazAv, where N*™ is the number of electrons in
one mesh cell centered at z, v, and u =cos8. Az, Av, and Ay are
the dimensions of the cell, and A is the area of the discharge.
The energy axis is equally spaced in velocity, but labeled in en-
ergy units for convenience (r=mv?/2). Note the overwhelm-
ing number of low-energy electrons and the beam of electrons
cjected from the z =0 electrode. The spikes in this beam are

an artifact of the energy-conserving algorithm and the finite
mesh size.
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The ionization rates were all of the same form as Fig.
1(b), though differing significantly in magnitude. The
similarity of the ionization rates of runs | and 3, which
differ only in 7, shows that the electrons ejected from the
electrodes by ion impact play only a minor role in these
discharges. Run 2 differed from the benchmark by only
26% in rf frequency, yet differed markedly in overall ion-
ization rate, plasma density, and bulk average energy.

We have used a self-consistent kinetic calculation of rf
discharges to study the energy balance of the bulk elec-
trons. The dominant electron heating mechanism in the
discharges studied here is sheath expansion, yet the bulk
electric field feeds energy into the coldest bulk electrons
(which are the most numerous) and improves the
efficiency of the sheath-expansion heating mechanism. It
reduces the energy gained by higher-energy electrons by
accelerating them toward contracting sheaths, where
they bounce and lose energy, and slowing their move-
ment toward expanding sheaths, where they gain energy.
These kinetic calculations, in addition to addressing
difficult challenges such as the energy balance of the
buik electrons, will enable us to explore the limits of
various traditional approximations. They make possible
accurate a priori predictions of discharge properties that
are limited orly by the juality of the physical approxi-
mations and the accuracy of the available electron emis-
sion coefficient and cross-section data.
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